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■|».  abstract  (Condnvt 


tnot  onirtrtnt  if  ntttturr  tnd  tdtnoPf  by  bidOt  mtmdtt)  y 

^An  attempt  by  New  England  Kuclear  to  produce  radiolabelled  KCLR  involved 
OTithetic  labelllnf  using  tritiated  water  and  Rh/Al20j.  Chromatography  and 
nasa  spectroaietry  revealed  radiolabel  incorporation  into  both  the  toxin  and 
contaminants.  The  nonspecifically  tritiated  toxin  had  a  specific  activity  of 
0.5  uCi/eg.  Subsequently,  a  method  recommended  by  our  laboratory  utilizing 
tritiated  water  with  pyridine  was  performed  by  New  England  Nuclear;  however, 
decomposition  of  the  toxin  occurred  under  the  conditions  used. 


MCLR  was  highly  bound  when  added  to  "super-activated"  charcoal  at  1:100. 
When  given  to  rats  via  an  ileal  loop  shortly  after  to.xini  administration, 
"superchar"  tattled  out,  but  was  partially  effective  in  uiaiting  MCLR 
abeorptiou  (aa  indicated  by  increeaee  in  liver  weight).  '  In  vitro  and  ^ 
vivo,  auperchar  was  lets  effectively  than  was  cboleatyrsmine  in  a  prior  study. 
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Toxin-dosed  mice  were  pretreated  by  feed  .rg  (glutathione  replete), 
fasting  (mild  GSH  depletion),  fasting  and  n-awetylcysteine  (depletes  GSH),  or 
fasting  and  buthionine  sulfoxamine  (inhibits  GSH  synthesis)  and  diethylmaleate 
(depletes  GSH).  To  estimate  hepatic  GSH  predosing,  livers  were  obtained  from 
mice  similarly  treated  but  not  given  MCLR.  The  GSH  conjugate  (at  the  N-methyl 
dehydroalanine)  of  MCLR  was  synthesized  and  tested  for  toxicity  by  dosing  mice 
IP.  Glutathione  depletion  did  not  predispose  the  animals  to  .MCLR  toxicosis: 
and  the  GSH-adduct  was  only  slightly  less  toxic  than  the  parent  toxin.  The 
GSH  depleted  mice  lived  longer  than  the  fed  controls. 

The  hydrophobic  portion  of  the  ADDA  group  of  MCLR  was  cleaved  by 
ozcnolysis,  then  reduced  with  sodium  borohydride  to  yield  a  cyclic  peptide 
saturated  at  the  double  bond  of  the  H-metbyl  dehydroalanine.  The  product  was 
apparently  nontoxic  in  mice  dosed  IP  at  16,000  nM/kg;  compared  to  minimtam 
LDjjjjS  for  MCLR  and  dihydroMCLR  of  90  nM  and  201  nM/kg,  respectively. 

In  vitro,  rat  hepatocytes,  but  not  Kupffer  or  sinusoidal  endothelial 
cells,  were  highly  sensitive  to  MCLR.  Hepatocytes  were  exposed  to  .MCLR, 
cytochalasin,  or  phalloidin,  fixed  and  stained  rhodaoine-labelled  phalloidin, 
and  examined  on  fluorescence  microscopy.  Unlike  hepatocytes  exposed  to  the 
other  toxins,  in  the  MCLR-treated  cells,  dose-dependent  blebbing  of  the  plasma 
membrane  was  observed  with  rays  of  actin  extended  to  the  tips  of  the  blebs. 
With  sufficient  toxin  and  time,  actin  filaments  lost  attachment  to  the  plasma 
membrane,  forming  a  mass  near  the  center  of  the  cell.  MCLR  also  alterred 
actin  filaments  vivo,  esoecially  in  centriolobular  hepatocytes. 

In  pigs  given  lethal  doses  of  MCLR  IV,  central  venous  pressures  markedly 
declined,  and  portal  venous  pressures  increased,  particularly  in  the  pigs  that 
died  earliest  after  dosing.  Sensitive  indicators  of  toxicosis  included  reduced 
platelet  counts,  and  increased  bile  acids  and  lactate.  Increases  in  serum 
enzymes  indicative  of  liver  damage  were  slightly  delayed  in  onset  but  severe. 
Serum  potassium,  total  bilirubin,  and  urea  nitrogen,  as  well  as  blood  pO^  were 
increased,  whereas  pCO^  and  base  excess  were  decreased.  H>'perkalefflia  ana 
hypoglycemia  were  present,  and  sometimes  severe  at  the  time  of  death. 

Holding  anatoxin-afs)  under  Nj  at  low  freezer  temf>eratures  stabilizes  the 
molecule  for  at  least  6  months.  When  rats  were  dosed  IP  with  anatoxin-8(s) , 

.  and  regions  of  brain  analyzed* for  cholinesterase  activity,  none  were 
inhibited,  suggesting  that  the  major  effects  occur  in  the  periphery. 

LDjjS  for  (>)anatoxin-a  hydrochloride  and  racemic  anatoxin-a  HCl  were  386 
and  913  ug/kg,  respectively.  No  mice  died  at  up  to  73  mg  of  (-)anatoxin-a  HCl 
per  kg.  In  IP-dosed,  anesthetized  rats,  the  amplitude  of  the  evoked  compound 
action  potential  (ECAP)  of  the  sciatic  nerve/lunbrical  or  interosseus  muscles 
decreased  rapidly  in  response  to  the  toxin.  There  was  a  subsequent  partial 
recovery  over  time.  The  EDjj  for  depression  of  tne  ECAP  was  47  ug/kg:  the 
mean  maximal  depression  was" 85  percent;  and  the  mean  tine  to  reach  the  maximum 
depression  was  8.5  min.  The  time  to  onset,  duration  of  action,  and  severity 
of  effects  of  anatoxin-a  were  dose-dependent,  and  compatible  with  tnatoxin-a 
associated  effects  at  the  postsynaptic  membrane.  The  decrease  in  the 
amplitude  of  the  ECAP  following  repetitive  stimulation  is  compatible  with  a 
pres.."naptic  site  of  action.  Exposures  to  anatoxin-a  which  produced  severe 
blockade  of  neuromuscular  transmission  were  reversible  with  artificial 
respiration,  however,  higher  exposures  were  lethal  apparently  due  to  an 
additional  site  of  action 


FCREHORD 


In  ccndLCting  research  using  an-ma!s.  the  i nvesti gatcri s )  adhered  to  the 
"Guide  to  the  Care  and  Use  of  Lacorarcry  Animals."  arepared  Dy  tne  Committee 
on  Care  and  U^c-  of  Laccratory  An-mals  of  the  Institute  of  .acoratory  Anima' 
Resources  Comtnissicn  on  Life  Sciences.  National  Research  Council  (DHHS,  PHS, 
NIH  Publications  No.  86-23.  Revised  1985). 
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obtained  from  mice  or  rhe  above  grouDS,  except  the  animals  we'^e  not  dosed  with 
MCLS,  in  order  to  setermine  ecuivaienr  hepatic  GSH  credcsing.  Also,  the  GSH 
conjugate  (at  tne  N-Tethyl  denydroal ani ne)  of  MCLS  was  synthesized  and  tested 
■0"  to<'City  by  aomini straticn  to  mice  i n traoer i tonea 1 i y .  The  results 
indicated  that  glutathione  depletion  did  not  predispose  the  ani.rdls  to  MCLR 
toxicosis;  and  the  GSH-adduct  of  tne  toxin  was  only  slightly  reduced  in 
toxicity.  In  fact  tne  GSrl  depleted  mice  lived  somewnat  longer  than  the  GSH 
replete  fed  controls. 

In  structure  toxic'ty  studies.  MCL3  was  subjected  to  czonolysis  to  cleave 
the  hydrophobic  portion  of  the  ADDA  group,  then  reduced  with  an  excess  of 
sodium  borchydrice  to  yield  a  cyclic  peptide  with  saturation  of  the  double 
bonds  in  the  s-methyi  dehyd'oalanine.  Saturation  only  at  the  latter  site  was 
previously  shown  to  cause  only  a  modest  reduction  of  toxicity.  However,  when 
ADDA  was  cleaved  the  toxin  caused  no  observed  toxic  effects  on  the  test  mice 
wnen  given  intraperi toneal  ly  at  up  to  16.000  nM/kq,  which  may  be  compared  to 
an  approximate  minimum  LDigr}  of  30  nM  of  HCLR/kg. 

In  studies  ijj  V  Uro.  rat  hepatocytes  but  not  Kupffer  or  sinuso'dat 
endothelial  ceils  were  highly  sensitive  to  mClR.  Hhen  cultured  nepatocytes 
were  exposed  to  hClR.  cy tocha 1  as  1 n .  or  phalloidln  and  then  fixed  and  starred 
r hodami ne- 1 abe 1 ’ ed  pn^lloidin  and  examined  on  fluorescence  microscopy,  it  was 
found  fnaf  ‘he  e‘'‘‘xcts  c'  t^e  alga)  toxin  were  tinspue  from  those  of  *;ne  other 
toxins.  In  rne  “CtA. treated  cells,  n-jt  only  was  dose-dependent  blebping  of 
the  plasma  membrane  apparent,  but  also  there  were  one  or  more  rays  of  actin 
extending  to  the  t‘ps  of  the  blebs,  with  sufficient  tox*n  and  time,  the  act'n 
filaments  appeared  to  have  lost  any  attachment  to  the  plasma  membrane,  forming 
a  dense  mass  in  the  interior  of  the  hepatocytes.  ]_n  vivo.  mclR  also  caused 


alterations  of  tne  act'n  filaTients.  especially  -n  tent;  iclcc’jiar’ y  located 


necatoc  .  tes 


l"  O' IS  given  1  nt'ivenc-js  ■ ./  at  letnal  ocses.  centra'  -ei-cus  pressures 


-eo  -la^veo  .  ,  :  rs  -  ;a"'  'g  a  :■ 


/e-^cus  docd 


to  tte  neart,  a  man' r^stat^:n  of  s‘'cc<.  In  addition,  there  «ere  increases  in 


porta!  venous  pressure  suggesting  ccstruction  of  Plocd  through  the 

damaged  'iver.  Early  ang  sensitive  :  -n-cal  oat-'clogic  i'^d'cators  of  MCLR 
toxicos's  included  reductions  in  plate'et  counts  and  increases  in  lactate  and 


pile  ac’ds.  Slightly  de’ayed  but  maricedly  altered  »e'e  serum  enzymes 
indicative  of  liver  damage,  especially  arginase.  In  addition,  potassium, 
total  biiiruDin,  urea  nitrogen,  and  oiocd  p02  were  increased,  while  DCO2  and 
base  excess  -ere  decreased.  The  enzyme  indicating  muscle  damage  were  slightly 
increased  Hyperka'emia  and  hypoglycemia  we-'e  consistently  present, 
espec i a  1 1 y  termi na 1  1  y 


Storage  of  anato* i n-af s '  under  nitrogen  at  low  freezer  temperatures  causes 
marked  stab*  lizaticn  of  to>in  in-pgr'ty.  vS'ng  t.ne  degree  of  innipition  of 
human  plasma  cholinesterase,  ana tox ’ n .a( s )  was  found  to  be  stable  for  at  least 


6  nontos.  When  rats  were  dosed  ' nt r aper 1 tonea 11 y  witn  ana tox i n-a( s )  and 
multiple  regions  of  brain  analyzed  for  cholinesterase  activity,  none  were 
found  to  he  'nnioited.  suggesting  tnit  all  tfe  majsr  effects  of  the  toxin 


OC  C  'jr  in  r  Op  c-e  '  '  ;  "  , 


'he  <  • 'anatOi  1  n-a  n  ypt  c  rn  1  o»  t  de  an.’  racemic  anatoxin-a 

hydrochloride  -ere  336  and  31.1  u'!''''!.  respectively  Nc-mtce  died,  however,  at 
up  to  73  mg  0*  I  -  ).jnato«  I  n-a  hydr -r  n  I  or  t  de /x  g  Using  ';)-dcse'J.  anesthetized 
rats,  the  evoked  compound  action  potential  <f’'AP)  of  the  sciatic  nerve/ 
'umprical  or  I  nteros mijscies  >n  the  piar'tar  '..iifi'e  of  -ne  hind  f.xit  was 
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used  to  assess  t'^e  resoonses  to  ( ♦) j-.atoxi n-a .  The  amolituce  of  t*^e  response 
of  the  ECAP  '■ap’O'y  dec-'eased  ir,  response  to  the  toxin,  alf'cugn  the--e  was  a 
Si-.ose:uent  gradual  -nc-ease  tcwara  normal  ever  ti"ie.  T-e  E^;,',  for  cecressicn 


t‘'e  EGA?  «ia;  ug-rg.  Toe  "ear  naxima'  oecress-cn  :n  t"e  EEA^  «as  55 
percent  ana  me  niean  f.cie  to  reach  the  niaxmum  decressmn  was  only  a.u 

minutes.  The  time  to  onset,  duration  of  action,  and  severity  of  effects  o*' 
anatoxin  a  were  dcse-depencent .  These  effects  are  consistent  with  anatoxin-a 
associated  effects  at  the  postsynaptic  memprane.  The  decrease  in  the 

amplitude  of  the  ECAP  fc’ lowing  repetitive  stmiuiaticn  of  the  sciatic  nerve 

tends  to  confirm  that  there  is  also  a  pres^naptic  site  of  action  of 
anatoxin-a.  No  effects  cn  nerve  conduct'' on  velocity  we^e  noted.  Exposures  to 
anatoxin-a  producing  a  bloctcade  of  up  to  951  of  neuromuscular  transmission 
were  reversible  witn  artificial  respiration,  newever.  sufficiently  high 
exposures  appeared  to  te  lethal  due  to  a  mecnams-i  in  addition  to 


neuromuscul ar  plccixade. 
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’’he  high  tonicity  cr  peptide  to«i'i$  cyancpacte' '  a  ani  tne  resultant 

small  amount  of  compound  which  neeos  to  ce  given  tc  procJuce  to»ic  effects  maise 
isotopic  labeling  essential  for  e«peri.Tents  to  character  :e  the  biological 
^ates  of  Che  toxins.  Radiol 'bei eo  algae  peptide  hepatotcxins  have  been 
produced  both  biosynt  •'etical  ly  (5rooi(s  and  Codd.  1937a. D)  a-d  synthetically 
(Runnegar  et  ai . .  1936,  Falconer  et  at.,  1936).  The  biosynthetic  method 

utilized  '“^C-iabeieJ  picarponate  to  produce  toxin  of  extremely  low  specific 
activity.  To«in  labeled  by  this  method  was  subsecuent ly  Injected 
1 ntraper i tonea 1 1 y  'ip)  in  mice.  Seventy  percent  of  the  » adioac 1 1 v1 ty  was 

localized  in  the  iiver  after  1  minute  and  901  of  the  administered  dose  was 

localized  in  the  liver  3  hours  after  dosing.  Radioactive  residues  were  also 

found  in  the  liver,  Kidneys,  urine,  and  lungs  of  tox in-treated  an'mals. 

The  synthetic  -ethcd  i^voivod  1 ncorporat i on  of  'nto  microcystln-YR. 

This  method  utilized  the  mild  1 ac tcpero* ' da se  method  of  iodination  to  produce 
toxin  r^rhpr  K  c  t  i  V  i  f  y  Thn  Dur‘fii-1  t^ttn  waS  then 

administered  ei*hpr  »p  mice  /r  intravenously  <lv)  to  rats  ’nis  experiment 
also  showed  rapid  Iccal'ziticn  of  most  of  the  hoxin  in  the  liver  of  the 
exposed  animats  The  major  drawhac^  of  iodination  is  that  iodine  is  a 

nonisotopic  label  which  ts  known  occasionally  to  change  the  observed 
biological  activity  of  lencbtot'cs  In  tr«  case  of  mtcroc/st in-rR  (HCYR),  the 
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label  is  incorporated  into  one  of  the  variable  L-amino  acids,  and  this  method 
will  not  work  for  mi crocysti n-LR  (MCLR)  and  other  closely  related  compounds  in 
this  same  group  which  do  not  contain  tyrosine  or  methionine.  Nodularin,  which 
similarly  does  not  contain  these  residues  also  would  not  be  labeled  by  this 
method.  For  these  reasons,  the  possibility  of  using  alternate  methods  for 
synthetic  label ing  of  cyanobacterial  peptide  toxins  was  investigated. 

MATERIALS  AND  METHODS 

Procedure  1.  General  Tritium  Exchange: 

Synthetic  Labeling  with  Rh/AbO-^  and  Tritiated  Mater.  In  this  method  by 
New  England  Nuclear  Company,  10  mg  of  MCLR  was  dissolved  in  0.3  ml  of 
anhydrous  dimethyl formamide.  To  this  solution,  10  mg  of  51  Rh/Al203  and  25  Ci 
of  tritiated  water  were  added  and  the  mixture  was  stirred  overnight  at  50*C. 
Labile  tritium  was  then  removed  with  ethanol  and  tlie  sample  was  shipped  to  us 
in  ethanol.  Mass  spectral  investigation  showed  the  presence  of 
dimethylformamide  solvent  adducts  to  MCLR.  The  compound  was  subjected  to 
rotary  evaporation  under  a  high  vacuum  with  intermittent  washing  using  1.0  ml 
volumes  of  water  for  18  hours.  After  these  evaporation  steps,  the  toxin  was 
transferred  with  methanol  from  the  evaporation  flask  to  a  tared  vial  and  5  pg 
of  the  product  was  submitted  for  mass  spectroscopy.  Figure  1  shows  the  mass 
spectrum  obtained  after  the  high  vacuum  evaporation  process  and  in  this  case 
the  major  ion  obtained  was  995  (M+H).  Other  ions  present  are  attributable  to 
sodium  and/or  FAS  matrix  adducts. 

After  evaporation,  a  portion  of  the  toxin  was  applied  to  Whatman  60A-<6F 
silica  thin  layer  chromatography  (TLC)  plates  and  separated  using  a  mobile 
phase  consisting  of  the  organic  layer  of  a  mixture  of  65:35:10 
chloroform-methanol-water.  Sands  of  silica  were  scraped  from  the  plate  at  the 


relative  retention  (rf:  0.23)  of  'Cl:?  ana  SciDjected  to  liquid  scintillation 
counting  (L5C)  to  cetermine  'f  an/  radioactivity  remained  with  the  toxin 
following  reimovai  of  the  solvent  adduct.  The  toxin  was  found  to  contain 
substantial  rad^cacti /i  ty  after  remcvai  of  tne  di.methy Iformam'ide  so  the 
purification  process  was  continued. 

After  TLC  and  LSC  confirmation  of  the  toxin  identity  and  radioactivity, 
respectively,  the  compound  was  subjected  to  gel  filtration  using  TSK  Toyopearl 
HW-40r  gel  (Supelco  Inc.,  BeMefonte.  PA).  The  column  size  was  90  cm  x  2.0  cm 
ID  and  the  solvent  system  was  ICO*  methanol  at  a  flow  rate  of  2.0  ml/minute. 

The  toxin  was  detected  by  UV  absorbance  at  238  nm.  Under  these  conditions, 

the  toxin  was  eluted  in  approximately  120  minute'  and  was  well  separated  from 
identifiable  impurities  (Figure  2).  Fractions  (10.0  ml)  were  collected  and 
those  corresponding  to  MCLS  were  combined  and  evaporated  on  a  rotary 
evaporator.  The  residue  was  transferred  with  methanol  to  a  tared  vial  and 

again  evaporated  to  dryness.  The  mass  of  the  toxin  was  determined  and  a 

fraction  of  the  material  again  subjected  to  LSC. 

Procedure  2.  Specific  Tritium  Exchange : 

Synthetic  Labeling  with  Pyridine  and  Trttiated  Water.  In  this  case.  New 
England  Nuclear  Company  Inc.  followed  the  procedure  designated  by  our 
laboratory  and  d  scussed  at  our  trip  to  USAMRUD  in  November  of  1986.  MCLR 
(10  mg)  was  placed  in  a  reaction  vessel  with  25  curies  of  t'itiated  water  and 
pyridine  (5  ul).  A  clear  solution  was  observed.  Acetic  anhydride  (15  ul>  was 
added  at  C*C  and  stirred  for  5  minutes  followed  by  an  additional  stirring  for 
20  minutes  at  room  temperature.  Thirty  pi  of  pyridine  was  again  added  and 
then  30  pi  of  acetic  anhydride  at  0*0.  the  mixture  was  again  stirred  for  5 
minutes  at  0*C,  then  stirred  for  an  additional  1  hour  at  room  temperature. 
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Labiles  were  removed  by  repeated  evaporation  with  101  acetic  acid,  and  the 
compound  was  shipped  to  us  in  water. 

In  this  case.  10  mg  of  greater  than  951  pure  MCLR  produced  450  pCi  of 
activity  following  removal  of  labile  tritium.  The  first  shipment  of  compound 
consisted  of  25  pCi  of  this  material.  It  was  initially  examined  on  TLC  using 
Whatman  silica  gel  60A-K6F  plates  and  the  organic  layer  of  a  mixture  of 
65:35:10  ch Icroform-methanol -water  as  a  solvent  system.  Sands  of  silica 
(0.5  cm)  were  scraped  from  the  TLC  plate  and  the  silica  rinsed  with  100  pi  of 
methanol.  Aliquots  were  than  counted  on  LSC  and  the  resultant  radioactivity 
plotted  (Figure  3).  Twenty  percent  of  the  applied  radioactivity  was  found  to 
reside  in  the  band  of  silica  corresponding  to  the  same  rf  as  MCLR.  Mass 
spectral  analysis  of  the  toxin  showed  a  molecular  ion  of  995  corresponding 
with  authentic  MCLR  (MH-^)  standard. 

The  remaining  compound  was  subjected  to  purification  using  Bond  Elut  C-18 
cartridges.  The  cartridge  was  first  rinsed  with  2  x  2.0  ml  of  methanol 
followed  by  2  x  2.0  ml  of  water.  The  toxin  was  applied  to  the  cartridge  in 
water  and  then  the  cartridge  was  rinsed  with  3  x  2.0  ml  of  water.  The  toxin 
was  eluted  from  the'  cartridge  in  1001  methanol.  The  toxin  in  methanol  was 
evaporated  to  dryness  on  a  rotary  evaporator  and  then  transferred  to  a  silica 
column  (22  *  1.0  cm).  The  silica  column  chromatography  step  was  performed 
using  Whatman  flash  silica  and  the  solvent  system  already  described  for  TLC. 
Fractions  (0.5  ml)  were  collected  and  an  aliquot  was  applied  to  TlC  as  already 
described.  Bands  of  silica  were  again  scraped  and  counted  on  LSC.  The 
results  of  this  analysis  are  shown  in  Figure  4. 

An  additional  shipment  of  this  reaction  pro.'uct  (50  pCi)  was  obtained  from 
NEN  and  investigated  in  our  laboratories.  TLC  was  performed  as  described  for 
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the  initial  check  of  the  first  shipment  described  above.  Instead  of  silica 
column  purification  we  used  TSK  'oycpear!  HW-40F  as  described  in  part  A  of 
this  report  for  to-<in  purification. 

PCSULTS  and  DISC'JSSICN 
Method  1 

Prior  to  adduct  removal,  we  were  not  certain  if  t-ie  to<in  was  labeled  due 
to  tne  presence  of  the  adduct  on  the  majority  of  toxin  molecules.  Removal  of 
the  dimethylformamide  adduct  and  subsequent  LSC  has  showed  that  radioactivity 
resided  both  in  the  toxin  and  in  the  adduct. 

This  exchange  reaction  is  normally  used  in  the  case  of  very  complex 
molecules  which  otherwise  could  not  be  tritium  labeled.  This  exchange  results 
in  a  "generally"  labeled  compound  in  which  the  tritium  atom(s>  are  di  tributed 
in  a  random  fashion  throughout  the  molecule.  Linder  these  conditions,  the 
specific  activity  of  the  material  obtained  was  calculated  to  be  approximately 
0.5  pCi/mg.  Labeling  by  this  method  is  seldom  uniform  and  the  recovered  toxin 
is  believed  to  be  heterogenous  in  tritium  composition. 

Another  problem  with  preparation  of  labeled  MCLR  by  this  method  was  that 
catalytic  tritium  replacement  can  result  in  saturation  of  double  bonds  wh'ch 
we  believe  are  important  for  toxin  bicactivity.  Compounds  reduced  at  the 
N-methy1dehydroalan1ne  moiety  have  hPlC  retention  times  which  are  very  similar 
to  unreduced  compounds  and  care  is  needed  to  '•esolve  these  closely  related 
compounds . 

Reaction  2 

Initial  TLC  results  of  the  original  shipment  of  compound  were  SO  promising 
that  a  large  amount  of  labeled  material  was  quickly  subjected  to  the  silica 
purification  method  we  have  previously  established  for  .mCL.R.  However,  in  the 
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case  of  the  labeled  molecule,  decomposition  appeared  to  have  occurred. 
Following  silica  coluinn  clean-up.  the  toxin  could  no  longer  be  identified. 

To  avoid  the  confusion  wnich  resulted  following  the  silica  column  step,  we 
have  now  begun  to  purify  the  reaction  product  by  ncnsilica  based  gel 
filtration.  Using  the  latter  method,  the  chromatograph  obtained  is  identical 
to  that  obtained  with  the  labeled  material  described  in  part  A. 

The  concerns  expressed  in  the  case  of  the  material  described  in  part  A 
also  pertain  to  this  compound  with  the  exceptions  of:  1)  in  this  case  the 
label  is  not  random  and  we  can  predict  the  precise  location  of  incorporation, 
and  2)  saturation  of  double  bonds  is  not  anticipated.  This  material  has  the 
obvious  advantages  of  fewer  unknowns  to  deal  with  in  biological  fate  studies, 
but  as  with  the  other  material,  it  is  not  possible  to  predict  the  stability  of 
the  material  under  biological  conditions.  The  initial  examination  of  reaction 
product  by  silica  TLC  showed  much  promise  with  approximately  20Z  of  the 
applied  radioactivity  present  in  a  narrow  band  at  the  same  relative  retention 
ffif:  0.23)  as  the  authentic  standard  of  MCLR.  Toyopearl  gel  filtration  also 
gave  a  peak  at  approximately  the  same  retention  time  as  standard.  Silica 
column  chromatography,  however,  showed  very  different  results  and  we 
hypothesized  that  perhaps  sil’ca  had  acted  to  degrade  the  labeled  material. 

We  have  established  that  the  peak  observed  on  Toyopearl  chromatography, 
a'ong  with  tne  concentration  of  radloactlvi  ty  found  on  TLC  at  che  rf  of 
microcystin.  were  not  attributable  to  labeled  toxin.  The  peak  observed  urder 
Toyopearl  chromatography  was  not  reproducible  and  did  not  show  the  same  UV 
spectrum  as  authentic  toxin,  when  the  reaction  product  was  subjected  to  C-18 
reverse  phase  chromatography .  the  only  peaks  In  the  chromatogram  observed 
occurred  before  microcystin.  Apparently  the  toxin  was  degraded  in  the  hands 


of  NEN  as  a  result  of  tnis  synthetic  laCel'.ng  tecnricue-  E'a:nination  of  the 
reaction  procuct  shcwesJ  no  compounds  present  i«h’cn  st-uctura’ '  y  resembled  the 
parent  ccmocund.  This  confirmea  cur  results  observed  in  earlier  experiments 
involving  purification  of  th’s  reacfon  o-oouct  oy  silica  column 
chromatography . 

One  hypothesis  to  explain  the  degradation  ooserved  uncer  the  experimental 
conditions  is  that  t^e  extremely  high  specific  activity  cf  tritiated  water 
used  by  NEN  did  not  behave  in  the  same  fashion  as  brevious  material  used  with 
much  lower  specific  activity.  The  higher  .molecular  energy  associated  with  the 
higher  specific  activity  of  the  tritiated  water  may  have  resulted  in  the 
breairage  of  peptide  bonds  resulting  in  hydrolysis  of  tne  parent  peptide 
toxin.  Amersham  Com.pany  did.  however,  subsequently  utilize  this  method  to 
synthetically  label  mCLR  and  is  new  providing  this  service  ccranerc i a  1 ly .  It 
is  not  known  why  NtN  was  not  successful  in  tnis  method,  and  yet  toxin  was 
produced  successfully  by  Amersham. 


Mdss  Spectrum  of  tritium  labelled  microcystin  after  removal  of 
dimethyl formami de  adduct. 
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Figure  2.  Chromatogram  of  Toyopcarl  purification  of  tritium  labelled 
microcystin. 
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Figure  3.  TLC  radiochromatogram  of  crude  reaction  product. 
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II.  CCWPARISCN  CF  TK£  IN  AND  IN  VITRO  BINDING  CAPACITIES 
CF  SUPE.RACTIVATEj  charcoal  to  mic.rccystin-lr 
Andrew  M.  Dan'em,  Aslam  S.  Hassan.  and  LesHe  L.  Waite 

introduction 

Dense  blooms  of  toxic  genera  of  cyanobacteria  sometimes  occur  when  proper 
conditions  of  light  intensity,  nutrients,  temperature  and  pH  (neutral  or 
alkaline)  are  found.  The  increasing  eutrophication  of  water  from  urban  and 
industrial  sources  have  apparently  increaied  the  occurrence  and  intensity  of 
algal  blooms  in  recent  years  (Carmichael.  1988).  Blooms  of  these  species  are 
not  homogeneous  in  composition  and  toxic  strains  as  well  as  nontoxic  strains 
can  be  cultured  from  the  same  alcoms  (Carmichael,  1981).  The  conditions  which 
lead  to  toxin  formation  by  algae  are  not  known,  but  environmental  conditions 
which  promote  bloom  formation  include;  moderate  to  high  levels  of  nutrients 
(especially  phosphorus,  ammonia,  and  nitrate),  water  temperatures  between  15 
and  30*C,  and  a  pH  higher  than  6  (Skjlperg  et  a1.,  1984). 

Activated  charcoal  has  teen  suggested  to  be  effective  for  use  as  a 
treatment  for  animals  which  have  ingested  toxic  cyanobacteria  (Stowe  et  al.. 
1931;  Galey  et  al..  1986).  In  order  to  tost  tne  possible  efficacy  of 
activated  charcoal  for  adsorption  of  cyclic  peptide  to»tns  from  cyanobacteria 
a  study  was  cerformed  to  compare  the  adsorptive  power  of  charcoal  with 
cholestyramine  resin,  a  compound  already  shown  to  have  possible  therapeutic 
potential  in  cases  of  mcrocystin  toxicosis  (Oahlem  et  al..  1988). 

Superacti vated  charcoal  (superchar)  frcm  a  commercially  available  sample 
(Gulf  Biosystems)  was  used  in  this  experiment.  Fifty  milMgrams  of  superchar 
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■«as  weiqned  into  'nqiviaua’  tubes  to  -nici  5.0  ml  of  normal  saline  was  added, 
’"te  tubes  were  cacoed  arc  t^en  olaceo  on  a  rcck.er  mi^er  for  2  ncurs  prior  to 
anaiyfca'  e<per-Tents.  -eoeated  a’-'oucts  of  supercnar  ;n  sj::ens’cn  were 
"encve:  a-'-O  t'e  a-o.’':  or  s.ce'tnar  cresent  was  calcu’ateo  o"  a  weight 
.o'l  u.me  Das  i  s . 

Mi crocysti n-LS  was  dissolved  'n  oe'cnized  water  and  tne  appropriate 
volumes  of  toxin  were  added  to  the  suoe^cnar  suspension  (’"ao'e  1  ■■ .  The  final 
volumes  of  each  tube  we-'e  adjusted  to  l.O  ml  with  deionized  water.  The 
experimental  samples  were  then  placed  cn  a  rocker  miter  for  15  minutes 
^ol’owed  oy  centrifugation  at  5.000  q  for  5  minutes.  Ine  supernatant  was 
removed  from  each  tube  and  passed  through  i.ndivijual  0.2  p  filters  (Gelman 

Scientific)  to  remove  remaining  charcoal.  Samples  were  analyzed  by  HPLC  with 
UV  detection  and  duantif i cation  was  accomplished  with  linear  regression 
against  a  toxin  standard  c.,r<e 

Iji  s  *  tu  isolated  rat  ''eai  segments  we^e  pneoaied  according  to  the  methods 
of  OaMem  et  al.  <1939’'  “a’e.  wjrl'n  Sprague-Cawley  rats  (  loprox  ’  ma  te  1  y 

ICO  g  body  weight)  were  randomly  assigned  to  i  of  2  groups  and  given,  via  tne 
intestinal  loop,  either  water  <0  S  ml)  followed  30  seconds  late'-  by  supv  cnar 

<50  mg)  in  a  saline  ventc'e  *'0  5  ml)  or  to«'n  at  5  mg/kg  in  water  (0.5  ml) 

followed  30  seconds  la'er  wttn  sucenchar  <50  mg)  sa  a  saline  vehicle 

<0  5  *1 )  The  anima's  were  allowed  t.a  'eccve--  from  surgery,  then  were  killed 
6  hours  after  treatment  by  an  overdose  of  ether  anesthesU.  The  toxic  effects 
were  assessed  as  a  c-arge  m  I'ver  weight  as  a  percentage  cf  animal  whole  body 
weight  and  the  groups  ccwipared  by  Student's  t-*est 
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RESULTS  AND  OISC’JSSICN 

when  mixed  witn  sjcercnar  at  a  ratio  of  1:100  ( tox  i  n :  charcca  1 ) .  the  free 
toxin  concentration  .xas  fcunc  to  oe  ceicw  the  li.tiit  of  detection  (00  ppb).  In 
me  _m  v : vo  experiments,  a  ratio  of  acprcximateiy  ' : 100  was  used.  Despite  the 
superacti vated  charcoal .  there  was  a  statistically  significant  'p  <  0.01) 
increase  in  liver  weights  as  a  percent  of  whole  body  weights  of  the  treated 
animals  with  the  toxin  as  shown  in  Table  2.  indicating  tnat  this  j_n  vivo  dose 
of  superchar  did  not  sufficiently  reduce  toxin  b'oavai 'abi 1 i ty . 

These  results  are  in  contrast  to  our  earlier  results  obtained  with 
cholestyramine  resin  (CTR).  In  that  study  a  ratio  of  1:100  of  toxin  to  CTR 
infused  into  similar  j_n  s i tu  rat  gut  loop  preparations  ameliorated  the 
toxicoses  and  the  liver  weights  as  a  percentage  of  animal  whole  body  weights 
were  indistinguishable  from  those  of  control  animals  which  did  not  receive 
toxin. 

One  probable  reason  for  the  differences  in  adsorption  cf  toxin  j_n  vivo  as 
compared  to  in  vitro  is  that  the  superactivated  charcoal  apparently  does  not 
stay  in  suspension  and  quicxly  settles  out  within  the  gut  loop.  At  necropsy 
we  found  the  superchar  clumped  together  on  the  dependent  ispect  of  the  mucosa 
of  the  isolated  gut  loco  with  constant  mixing  as  occurs  on  the  rocker  mixer, 
the  charcoal  is  not  able  to  settle  out  so  that  it  presumably  can  better  adsorb 
the  algal  toxin.  CTR  seemx  more  prone  to  stay  in  suspension  and  settles  out 
much  slower.  Perhaps  in  an  unaltered  intestine  m  v ‘ vo.  the  f'  '■.talttc 
movement  of  ingesta  would  facilitate  mixing  of  toxin  with  either  .he  activated 
charcoal  or  the  ion-exchange  resin  Another  factor  may  be  the  weignt  of  water 
present  in  the  superchar  which  offsets  the  amount  of  adsorbent  available  for 
binding  of  the  tOx 1 n . 


In  conclusion,  it  dpoears  <dt  the  conce^^trations  of  toxin  and  adsorbents 
sed  in  these  e.<cer •  men t s '  tnat  Z~^  ’s  "ncre  ef'icacious  man  superchar  in 
educing  tne  b  i  cava  i  i  ab  i  '  m.-  arc  associated  to<i.;  ef*ects  of  mi  c-“oc  vs  t  i  n-uR . 
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Table  1.  ^  V i tro  binding  of  microcystin-LR  to  superacti vated  charco?!. 


Charcoal  Cone. 

(uq/ml ) 

%  Absorbed 

25 

<  .01 

50 

<  .01 

100 

4.0 

200 

7.2 

500 

20.0 

1  ,000 

45.2 

2,500 

98.4 

5.000 

>  99.0 

10,000 


>  99.0 
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Table  2.  Comoarison  of  relative  liver  weights  of  rats  dosed  with 
superacti vated  charcoal  and  either  mi crocysti n-LR  (Tox)  or  the 
saline  (Sal)  vehicle. 


Tox /Charcoa 1 

Sa  I  /'Charcoa  1 

7.351 

4.617. 

6.  1  1^ 

3.97^ 

b .  03“ 

4,127. 

6,901 

3,717. 

6.707. 

4 .  1  37. 

— 

4,067. 

Mean  »  6.63 

Mean  -4,1 

SEM  -  ,242 

SEM  -  .120 
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III.  THE  ROLE  OF  GLUTATHIONE  IN  THE  TOXICITY  OF  MICROCYSTIN-LR 
Andrew  M.  Dahlem,  AsU.ti  S.  Hassan.  Val  R.  Beasley.  Stephen  B.  Hooser, 
.<en-Ichi  Harada,  Kenji  Matsunaga.  Makota  Suzuki.  Wayne  W.  Carmichael 


INTRODUCTION 

Glutathione  is  a  tripeptide  consisting  of  the  amino  acids;  glycine, 
cysteine,  and  glutamic  acid.  The  tripeptide  can  bind  spontaneously  with 
electrophiles  but  more  commonly  serves  as  a  cofactor  and  binds  via  enzymatic 
conjugation  (Igwe.  1S86).  In  the  latter  reactions.  glutathione-S-transferases 
enzymes  catalyze  the  reaction  of  the  nucleophilic  sulfhydryl  of  glutathione 
with  electrophilic  caroon  atoms  resulting  in  the  formation  of  a  thioether 
bond.  Glutathione-S-transferases  are  ubiquitous  in  animals  and  are  located  in 
the  highest  concentrations  in  the  cytosol  of  liver,  kidney,  gut.  and  other 
tissues.  Compounds  that  are  substrates  for  the  glutathione-S-transferases 
share  three  common  characteristics:  they  must  be  hydrophobic  to  some  degree, 
they  must  contain  an  electrophilic  carbon  atom,  and  they  must  react 

nonenzymatical ly  with  GSH  at  some  measurable  rate.  These  enzymes  catalyze  the 
initial  step  in  the  formation  of  N-acetylcysteine  (mercapturic  acid) 

derivatives  of  a  diverse  group  of  potentially  toxic  compounds  (Sipes  and 
Gandol f i ,  1 986) . 

The  GSH  conjugates  are  cleaved  to  cysteine  derivatives,  primarily  by 

enzymes  located  in  the  kidney.  These  derivatives  can  then  be  acetylated  to 

give  N-acetylcysteine  (mercapturic  add  conjugates).  Mercapturic  add 
conjugates  are  readily  excreted  via  the  urine.  The  loss  of  glutamic  acid  from 
the  GSH  conjugate  is  catalyzed  by  the  enzyme  gamma-glutamylpeptidase.  a 
membrane  associated  enzyme  found  in  high  concentrations  in  cells  that  exhibit 
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absorptive  or  excretory  functions.  Cysteinyl  glycinase  catalyses  the  loss  of 
glycine  from  tne  conjugate  to  y'eld  the  cysteine  conjugate.  Finally,  N-acetyl 
transferase  enzynies  acetylare  the  amino  group  of  cysteine  to  form  the 
mercapturic  ac^d  derivative.  Acetyl-CoA  is  needed  for  the  acetylation 
reaction.  Conjugated  compounds  are  then  excreted  directly  in  urine,  or  more 
usually  bile  (Sipes  and  Gandolfi,  1936). 

There  exists  a  balance  within  cells  between  the  rate  of  intake  of  reactive 
compounds  and  their  inactivation  by  GSH.  Factors  which  affect  this  balance 
can  markedly  alter  the  toxicity  of  certain  xenobiotics.  Cellular  stores  of 
GSH  may  be  depleted  in  2  ways:  1)  directly  by  binding  GSH  and  thus  promoting 
excretion,  or  2)  by  inhibition  of  synthesis  of  the  glutathione  S-transferase 
enzymes.  Since  GSH  is  also  a  cofactor  for  glutathione  peroxidase,  its 
depletion  can  promote  lipid  peroxidation  which  can  lead  to  deleterious  effects. 
Glutathione  Biosynthesis 

A  source  of  cysteine  is  important  for  the  biosynthesis  of  GSH.  A  dietary 
source  of  cysteine  is  usually  required,  which  tends  to  make  the  biosynthesis 
of  GSH  follow  a  cyclic  pattern  associated  with  animal  photoperiods  and 
associated  times  of  ingestion  of  meals.  Cysteine  can  also  be  supplied  to 
animals  through  direct  Injection,  however,  this  method  is  often  impractical 
due  to  the  toxicity  of  cysteine.  Cysteine  can  also  be  supplied  in  the  form  of 
pro-drugs  which  contain  cysteine  in  a  bound  state  such  as  N-acetyl-L-cysteine 
(NAC)  which  has  a  much  lower  toxicity  than  free  cysteine. 

The  dose  of  naC  given  in  acetaminophen  overdose  situations,  a  compound 
often  used  as  a  model  for  hepatotoxicl ty,  is  MO  mg  orally  (Savldes  et  al., 
1985)  or  5.0  mmol/kq  orally  (Hazelton  et  al.,  198.).  Acetaminophen  is  a 
common  antipyretic  agent  which  is  often  used  as  a  model  for  hepatotoxic  injury 
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when  administered  at  toxic  concentrations.  Acetaminophen-induced  (750  mg/kg 
po)  hepatotoxici ty  in  mice  is  characterized  by  massive  centri lobul ar 
congestion  which  precedes  the  appearance  of  necrosis.  Liver  weights  increase 
when  toxic  doses  of  acetaminophen  are  administered  to  animals  due  to  pooling 
of  blood  in  the  hepatic  sinusoids.  Congestion  and  hypovolemia  are  reversible 
and  can  be  largely  prevented  by  administration  or  the  protective  compound  NAC 
(1,200  mg/kg  po)  3  hours  after  acetaminophen  (Corcoran  and  Wong,  1986; 
Corcoran  et  al.,  1985;  walker  et  al.,  1985).  The  role  of  NAC  is  then  most 
often  thought  of  as  one  of  detoxification  by  direct  binding  with  toxic  agents 
and  by  increasing  the  biological  pool  size  of  GSH  by  serving  as  a  precursor. 
In  the  acute  situation,  however.  NAC  is  also  known  to  decrease  hepatic  GSH 
content  in  rats  (Estrela  et  al.,  1983;  Vina  et  al.,  1980). 

L-buthionine  sulphoximine  (BSO)  is  an  inhibitor  of  gamma-glutamylcysteine 
synthetase,  an  enzyme  essential  for  GSH  synthesis.  Consequently  it  lowers 
tissue  GSH  concentrations  (Drew  and  Miners,  1984).  Administration  of  BSO  has 
permitted  experimental  studies  on  GSH  where  depleted  pools  are  not  replenished 
due  to  specific  inhibition  of  GSH-transferases  (Sun  et  al..  1985). 

Diethylmaleate  (DEM)  depletes  GSH  pools  by  conjugating  with  GSH  and 
promoting  excretion  of  bound  GSH  Into  bile  and  urine.  Toxic  effects  of  GSH 
reactive  compounds  may  be  enhanced  when  GSH  pools  are  depleted  because 
excretion  of  bioactive  toxic  agents  arc  delayed.  The  major  drawback  of  the 
use  of  DEM  In  studies  of  the  role  of  GSH  In  detoxification  are  the  untoward 
effects  displayed  by  this  compound  which  are  independent  of  GSH  depletion. 

Conjugation  reactions  involving  GSH  are  not  always  reactions  of 
detoxification.  Recently,  compounds  have  been  described  which  have  enhanced 
toxicity  following  conjugation  (Green  and  Lock,  1984;  Igwe,  1986).  In  these 
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cases,  GSH  conjugation  reactions  activate  xenobiotics  despite  the  structural 
alterations  brought  about  by  binding  of  the  toxicant.  At  least  one  compound, 
di chloroethane ,  is  known  to  ennance  toxic  manifestations  in  rat  liver  when 
given  with  disulfiram  due  to  activation  as  a  result  of  direct  GSH  binding 
(Igwe,  1986). 

Microcystin-LR  (MCLR,  mi crocystln-A,  cyanoginosin-LR.  toxin  BE-2,  fast 
death  factor)  is  a  cyclic  peptide  hepatotoxin  produced  by  the  olue-green  alga 
Mi crocysti s  aeruginosa .  This  genus  has  been  associated  with  numerous 
toxicoses  involving  domestic  animal  and  wildlife  following  ingestion  of 
contaminated  water  (Carmichael.  1981;  Galey  et  al..  1987).  Human  toxicosis 
has  been  implicated  following  contamination  of  municipal  water  supplies 
(Hawkins  et  al..  1985;  Falconer  et  al..  1983).  The  predominant  toxic  effects 
of  this  compound  are  markedly  liver-specific  and  consist  of  hepatocyte 
necrosis  with  destruction  of  sinusoidal  endothelium  followed  by  extensive 
hemorrhage  Into  the  liver  (Falconer  et  al..  1981;  Runnegar  et  al..  1981).  The 
observed  toxicosis  from  a  lethal  dose  proceeds  rapidly,  and  death  typically 
occurs  within  2  hours  of  Intravenous  (Iv)  or  i ntraper i tonea 1  (ip) 
administration  of  a  lethal  dose. 

Little  is  known  about  metabolism  of  MCLR  in  mammals.  Recent  reports  have 
presented  conflicting  data  on  the  effect  of  phenobarbi tal  induction  of 
membrane  bound  cytochrome  P45()  metabolism  systems  in  mice  (Cote  et  al..  1986; 
Brooks  and  Codd.  1987a).  Since  the  toxin  contains  both  glutamic  and 
l3-methy1aspartic  adds  within  its  primary  structure,  it  is  ionized  at 
biological  pH  and  is  an  unlikely  candidate  for  membrane  bound  metabolism.  The 
structure  of  MCLR  contains.  N-methyldehydroalanine.  an  a,i3-unsaturated  amino 
add  of  the  same  type  which  has  been  shown  to  be  of  toxicologic  importance  in 
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structurally  related  compounds  (Dahletn  et  al..  1987).  This  dehydroamino  acid 
is  also  believed  to  be  susceptible  to  glutathione  (GSH)  conjugation.  Since 
GSH  binding  reactions  occur  principally  within  the  cytosol  where  the  MCLR 
molecule  likely  resides;  we  investigated  the  role  of  GSH  on  the  toxicity  of 
this  algal  hepatotoxin. 

MATERIALS  AND  METHODS 

MCLR  was  isolated  from  a  semi-continuous  unialgal  laboratory  culture  of 
Microcystis  aeruginosa  (strain  PCC-7820)  in  the  laboratories  of  W.  Carmichael 
by  the  method  of  <r i shnamurthy  et  al.  (1986).  Toxin  integrity  was  assessed  by 
the  methods  of  Harada  et  al.  (1988).  and  all  materials  were  found  to  be 
greater  than  951  pure  prior  to  dosing  of  animals.  MCLR  was  dissolved  in 
deionized  water  and  warmed  to  37*C  prior  to  animal  dosing. 

The  L-isomer  of  buthionine  sulphoximine  (BSO)  was  obtained  from  Chemical 
Dynamics  Co.,  Plainfield.  NJ,  USA.  dissolved  in  saline  (40  mg/mD  and  used  at 
a  dose  of  1  g/kg  body  weight.  Oiechylmaleate  (DEM)  and  N-acetylcysteine  (NAC) 
were  purchased  from  Sigma  Chemical  Company,  St.  Louis,  MO,  USA.  OEM  was  mixed 
with  corn  oil  (1:19,  DEM-corn  oil.  V/V)  and  used  at  a  dose  of  1  g/kg  body 
weight.  All  other  chemicals  were  reagent  grade,  and  all  solvents  were 
distilled  in  glass . 

Treatments  to  adjust  hepatic  GSH  levels  in  male  Swiss  Webster  mice  (20  to 
25  g,  Harlin  Sprague  Oawley,  Indianapolis,  IN)  were  randomly  assigned  to  1  of 
4  groups  and  treated  as  follows: 


Group 

feeding  Status 

Treatment 

I 

Fed 

Saline 

II 

Fasted 

Saline 

III 

Fasted 

NAC 

IV 

Fasted 

DEM*BS0 

31 


Ninety  minutes  following  the  treatments,  5  to  7  animals  from  each  group 
were  killed  by  decapitation  for  the  estimation  of  hepatic  GSH  content  as 
described  below.  The  remaining  animals  were  injected  with  MCLR  (55  ug/kg  body 
weight)  and  monitored  for  time  of  death.  .Animals  which  survived  4  hours 
following  toxin  administration  were  killed  by  cervical  dislocation.  The 
livers  were  removed  from  all  animals  blotted  dry  and  weighed.  Liver  weight 
was  expressed  as  a  percentage  of  animal  body  weight  in  order  to  normalize  the 
data.  Hepatic  GSH  content  in  toxin-treated  mice  was  not  measured  directly 
following  toxin  administration  since  the  liver  was  engorged  with  blood. 
Measurement  of  hepatic  GSH  content  under  blood  swollen  conditions  would  only 
have  yielded  anomalous  values  which  would  have  been  difficult  to  interpret. 
Hence,  we  chose  to  measure  hepatic  GSH  content  in  mice  immediately  prior  to 
dosing  with  the  toxin.  Tox i n-treated  mice  were  given  MCLR  dissolved  in 
deionized  water  by  ip  administration.  Negative  control  animals  were  given  the 
appropriate  vehicles. 

For  measurement  of  hepatic  GSH  content,  the  liver  was  removed  and 
homogenized  with  5  mL  of  47.  sul fosal i cyl 1 c  acid.  The  homogenate  was 
centrifuged  at  20,000  x  g*  for  20  minutes,  and  then  an  aliquot  of  the  protein- 
free  supernatant  fraction  was  used  for  GSH  determination  using 
glutathione-S-transferase  method  described  by  Asaoka  and  Takahashl  (1981). 

G.jtathione  conjugation  at  the  N-methy 1 dehydroaml no  Acid--Microcystin-LR 
and  -RR.  The  microcystins  (3.12  mole)  were  dissolved  in  51  ^2003  (aq,  0.8  ml, 
pH  10)  in  individual  tubes.  Glutathione  (31.2  mole)  was  added  slowly  to  the 
toxin  solution  and  stirred  continuously  for  2  hours.  After  the  reaction 
period,  the  solution  was  neutralized  with  0.2  N  HCl  a  placed  on 
preconditioned  Baker  C-18  cartridges.  The  cartridge  was  rinsed  .1..  ^  .0  ml  of 
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water  and  the  reaction  product  was  eluted  with  2.0  ml  of  methanol  and 
evaporated  to  dryness  under  a  stream  of  nitrogen.  The  final  isolation  of  the 
glutathione  adduct  of  the  microcystins  (Figure  1)  was  accomplished  by  reverse 
phase  HPLC  using  a  C-13  column  and  a  mobile  phase  ratio  of  58;42  of  methanol 
to  0.05  M  phosphate  buffer  (pH  3).  The  identity  of  the  glutathione  adducts 
were  confirmed  by  fast  atom  bombardment  mass  spectroscopy  with  characteristic 
masses  of  parent  compound  plus  adduct  (Figure  2). 

The  location  of  the  adduct  at  the  dehydroamino  acid  was  confirmed  by  the 
disappearance  of  the  two  olefinic  protons  at  5.85  and  5.35  ppm  in  the  parent 
toxins  by  1H-NMR  spectroscopy  (Figure  3).  Mice  were  given  the  GSH  adduct 
product  ip. 

Histopatholoqy 

Sections  of  liver,  lung,  kidney,  heart,  spleen,  and  Intestine  were  fixed 
by  immersion  in  101  neutral,  buffered  formalin  for  histological  examination. 
After  fixation,  the  sections  were  routinely  processed,  embedded  in  paraffin, 
cut  at  4  to  6  pm,  and  stained  with  hematoxylin  and  eosin. 

RESULTS  AND  DISCUSSION 

The  effect  of  GSH  depletion  on  the  apparent  survival  times  of  animals 
dosed  with  MCLR  following  fasting  and  treatment  are  shown  in  Figure  4.  The 
absolute  survivability  was  similar  for  the  test  groups  but  there  were  slight 
differences  in  the  mean  survival  times  of  groups  of  nonsurvivors.  There  were 
no  significant  differences  in  liver  weights  as  a  percentage  of  whole  body 
weights  among  animals  that  died.  Indicating  a  similar  lethal  action  in  the 
animals  given  toxin  alone  and  the  GSH-depleted .  toxin-treated  mice.  Even 
though  NAC  Is  most  often  thought  of  as  a  precursor  for  GSH  synthesis,  in  the 
acute  situation  the  effect  Is  often  one  of  depletion  rather  than  augmentation 
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(Estrela  et  al . ,  19S3).  As  shown  in  Table  !,  NAC-treatment  caused  less  of  a 
GSH  depletion  tnan  that  induced  by  DEM-^BSO.  The  intermediate  degree  of  GSH 
depletion  by  NAC  was  acccmpaniea  oy  an  intermediate  increase  ir  mean  survival 
time,  as  compared  to  tne  more  pronounced  effects  in  the  3SC-GEM  treated 
animals.  These  trends  ''Figure  4)  are  consistent  with  a  hypothesis  that  a 
decrease  in  GSH  content  would  prolong  surv.ival  in  MCLS  exposed  animals. 

Sunnegar  et  al.  (1987)  have  recently  reported  that  hepatocyte  GSH 
concentrations  decrease  following  administration  of  MCLR.  In  that  study, 
morphologic  changes  in  cells  were  observed  before  large  depletions  of  GSH  were 
obser/ed,  thus  the  authors  concluded  that  a  small  pool  of  GSH  within  the  cell 
is  critical  for  maintenance  of  cytoskeletal  structure  or  that  activation  of 
phosphoryl ase  A  cannot  be  a  consequence  of  thiol  depletion.  The  present  study 
supports  their  conclusion  and  gives  further  evidence  that  GSH  is  important  for 
the  observed  hepatotoxic  effects. 

The  results  of  the  toxicity  testing  of  the  GSH-adduct  of  MCLR  are  reported 
*n  Table  1.  The  binding  of  GSH  to  MCLR  results  in  a  product  which  has 
slightly  reduced  bicactivity  but  which  remains  potent  and  highly  hepatotoxic. 
The  Survival  times  of  treated  animals  were  slightly  longer  than  those  of 
MCLR-treated  positive  controls;  but  this  was  expected  because  of  the  increased 
hydrophilic  nature  of  the  GSH  adduct  product.  Animals  which  died  acutely 
following  admtnl  strafon  of  the  GSH  adduct  product  had  liver  weights  which 
were  similar  to  animals  which  died  acutely  following  MCLR  administration. 
Animals  which  survived  for  24  hours  following  GSH  adduct  administration  had 
organ  weights  which  were  similar  to  survivors  of  MCLR  administration  and 
vehicle  treated  controls, 
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M1c2  dosed  ip  with  the  GSH  adduct  product  at  0  to  400  pg/kg  had  no 
treatment  associated  iesions  in  any  of  the  tissues  examined.  In  the  animals 
dosed  witn  600  to  I. GOO  iig.'><.g.  treatment  associated  lesions  were  similar  and 
were  present  in  the  livers  of  all  mice  mat  died  and  in  the  lungs  of  2  of  the 
4  at  600  pg/kg  and  in  all  of  the  lungs  at  800  and  1.000  pg/kg.  The  hepatic 
lesion  was  characterized  by  severe,  widespread  centri lobular  and  midzonal 
hepatocyte  di sassociation  and  rounding  which  frequently  extended  into 
periportal  regions.  This  was  accompanied  by  breakdown  of  the  sinusoidal 
endothelium  resulting  in  severe  hemorrhage  in  these  areas.  These  lesions 
appeared  identical  to  those  seen  in  mice  that  died  following  microcystin-LS 
admini stration  (Hooser  et  al..  1989).  Ihe  liver  of  the  mouse  which  survived 
the  administration  of  600  pg/kg  had  numerous,  large  centri lobular  to  midzonal 
areas  of  hemorrhage  and  hepatocyte  di sassociation  and  necrosis;  however,  cells 
and  their  nuclei  were  extremely  pale  staining.  Small  numbers  of  neutrophils 
intermixed  with  the  cellular  debris  were  present.  Lung  lesions  were  limited 
to  the  presence  of  variably  sized  dumps  of  eosinophilic  material  within  the 
pulmonary  capillaries.  This  material  occasionally  contained  pyknotic  nuclei 
and/or  a  few,  small,  dear  intracytoplasmic  vacuoles  and  presumably  was 
hepatocyte  debris. 

The  results  of  this  experiment  clearly  show  that  the  GSH  adduct  of  MCLR  is 
a  potent  hepatotoxic  ccxnpoond.  The  toxicity  is  reduced  when  administered 
intraperltoneal ly  to  mice  but  the  compound  remains  highly  toxic  and 
hepatosoedf ic.  we  found  that  reduction  In  hepatic  GSH  concentrations  seemed 
to  result  In  a  brief  prolongation  of  survival  times  in  toxin-treated  mice.  In 
addition,  we  found  that  the  GSH  adduct  of  MCLR  retains  potent  hepatotoxlcl ty. 
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Altered  delivery  of  MCLR  to  the  target  cell  in  the  liver  .-nay  be  the  reason 
for  the  reduction  in  toxicity  of  tne  adduct  compound  as  ccmoared  with  parent 
MCLR.  Conjugation  with  G3H  occurs  in  the  cytosol  or  mitochondria  of  the  cell 
and  conjugation  cefcre  uptaKe  -nto  the  cel!  probably  results  in  a  reduced 
memoraiie  sGiubiiity.  nowever,  ef'^ects  on  receptor  affinity  could  be  either 
diminished  or  enhanced.  Further  investigation  will  be  necessary  to  answer 
this  question. 

These  results  shew  that  conjugation  of  MCLR  with  GSH  does  not  result  in 
significant  detoxification  of  tne  MCLR  molecule.  The  extent  of  conjugation  j_n 
vivo  has  yet  to  be  dete»-mineo  in  independent  studies  but  toxicity  evaluation 
of  the  GSH  adduct  predicts  that  GSH  conjugation  may  not  greatly  aid 
detoxification  of  MCLR. 
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Taole  2.  Heoatic  glutatf'^cne  cc^centrat sens  in  mice  or'or  to  microcystin-LS 


treatment. 


Treatment  Gr'-i.  D 
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7 
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“ean  ♦  Standard  e"cr 

ot  tne  mean 

-  38  - 


Figure  1.  Glutathione  adduct  of  microcystin-LR. 


H-NMR  spectrum  of  glutathione-bound  microcystin-LR. 


PERCENT  SURVIVAL 


Figure 


Relative  survival  over  time  in  glutathione-depleted,  toxin-treated 
mice.  NAC  .  N-acetylcysteine,  DEM  -  dicthylmaleate .  BSO  . 
buthionine  sulfoximine.  (N  =  16  animals/group  with  the  exception 
of  N-acetylcysteine-treated  animals  where  N  -  10.) 


4—.^  fM/NAC  •  — •  Trt 

■  — •  rostea/oew-3SO  A  — rcsfeo 


SURVIVAL  TIME  (MIN) 
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, IV.  FORMATION  OF  SYNTHETIC  DERIVATIVES  OF  PEPTIDE  TOXINS  FOR 
STRUCTURE/TOXICITY  RELATIONSHIP  STUDIES 
A.  M.  Dahlem,  K.-I.  Harada.  M.  Namikoshi,  C.  Chen.  K.  L.  Rinehart 

INTRODUCTION 

Formation  of  derivatives  of  parent  peptide  toxins  from  cyanobacteria  will 
yield  products  with  altered  toxicity  and  bioactivity  and  will  provide  insight 
into  which  portions  of  the  cyclic  peptide  structure  are  essential  for 
bioacti vi ty. 

In  our  previous  experiments  we  have  described  the  effects  of  saturation  of 
the  N-methyl  dehydroalanine  portion  of  MCLR  on  whole  animal  toxicity.  We 
found  that  reduction  of  this  portion  of  the  molecule  resulted  in  a  slight 
decrease  in  the  toxicity  but  that  the  compound  remained  potent  and  highly 
hepatotoxic  (Oahlem  et  al.,  1987).  In  other  experiments,  we  saturated  MCLR 
with  hydrogen  gas  and  a  paladium  catalyst  and  found  that  reduction  of  the 
molecule  at  the  points  of  unsaturation  in  ADDA  greatly  reduced  the  observed 
toxicity  (Dahlem,  1989). 

The  purpose  of  this  study  was  to  assess  the  effect  of  removal  of  the  ADDA 
portion  of  the  molecule  on  the  resulting  bioactivity  of  the  product.  In  these 
experiments,  the  cyclic  nature  of  the  compound  was  preserved  but  the 
hydrophobic  portion  of  the  molecule  was  removed. 

MATERIALS  AND  METHODS 

Microcystin-LS  (MCLR)  was  subjected  to  ozonolysis  for  30  minutes  then 
reduced  with  excess  sodium  borohydrlde  to  yield  a  cyclic  peptide  structure 
which  lacked  all  points  of  unsaturation  (Figure  1).  Additional  MCLR  was  first 
reduced  with  sodium  borohydrlde  to  form  the  dlhydro  derivative  which  results 
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from  hydrogen  addition  to  the  a ,(3-unsaturated  N-methyl  alanine  then  subjected 
to  ozonolysis  and  reduced  with  sodium  borohydride  to  yield  another  cyclic 
product  which  lacked  points  of  unsaturation  (Figure  2).  The  toxin  derivacives 
were  purified  and  separated  from  parent  compounds  by  Bond  Elut  columns  and 
HPLC  and  confirmed  by  FAB/MASS. 

Male,  Swiss  Webster  mice  (Harlin  Sprague-Oawl ey,  Indianapolis,  IN)  were 
used  in  all  toxicity  trials.  Animals  were  dosed  intraperitoneal ly  with  the 
saline  vehicle,  parent  toxin,  or  the  appropriate  purified  toxin  ozonolysis 
derivative  and  monitored  for  24  hours.  Animals  which  survived  this 
observation  period  were  killed  by  cervical  dislocation.  Survival  times  and 
whole  body,  liver,  and  kidney  weights  were  recorded.  Liver,  kidneys,  spleen, 
small  and  large  Intestines,  and  heart  were  examined  grossly  for  lesions. 

Sections  of  liver,  lung,  kidney,  heart,  spleen,  and  intestine  were  fixed 
by  Immersion  in  101  neutral  ouffered  formalin  for  histologic  examination. 
After  fixation,  the  sections  were  routinely  processed,  embedded  in  paraffin, 
cut  at  4  to  6  pm  and  stained  with  hematoxylin  and  eosin. 

RESULTS  AND  OISCUSSICN 

These  derivatives  caused  no  detected  toxic  effects  and  no 
treatment-related  lesions  were  seen  in  any  of  the  tissues  examined,  throughout 
the  range  of  concentrations  administered  (Tables  2  and  3).  A  summary  of  the 
toxigenic  potential  of  all  derivatives  formed  to  date  is  shown  in  Table  1.  It 
appears  that  the  alterations  explored  to  date  in  the  a.B-unsaturated  amino 
acids  result  in  decreases  in  toxicity  but  do  not  change  the  hepatospecif ic 
properties  of  the  molecule;  however,  alterations  In  the  ADDA  moiety  produce 
marked  reductions  in  lethal  toxicity  and  hepatic  damage.  These  data 
demonstrate  that  AOOA  is  an  essential  component  for  the  hepatotoxic  properties 
of  mIcrocystin-LR. 
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Table  1.  Comparative  toxicity  of 

toxins  from  cyanobacteria. 

synthetic  derivatives 

of  cyclic  peptide 

Toxin 

Molecular  -ieiqnt 

uDinn  (Min; 

Nodular  in 

324 

97  nM/kg 

Oihydro-Nodularin 

326 

605  nM/kg 

Microcystin-LR 

994 

90  nM/kg 

Oihydro-Microcystin-LR 

996 

201  nM/kg 

GSH-Microcystin-LR 

1,301 

461  nM/kg 

Hexahydro-Mlcrocystin-LR 

1  .000 

>  2,000  nM/kg 

Ozonolysis  Product]  of  Microcystin-LR 

800 

>  16,000  nM/kg 

Ozonolysis  Product2  of  Microcystin-LR 

799 

>  16,000  nM/kg 
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Table  2.  Dose  range  finding  study  for  iricrccystin  ozonolysis  product]. 


Tox  i  n 

Dose 

(mq/kq) 

Sur  V 

T'  ie 
(Min) 

Li  V 
rtt  “ 

,< 

SO 

K  i  d 
.-it 

X 

SD 

Spl 

Wt  % 

X 

SD 

Lung 
Ht  Z 

,x 

SD 

MCLR 

0 

1  ,440 

5-62 

1  . 63 

0.32 

1  .78 

MCLR 

0 

1  .440 

6 . 05 

5.84 

♦ 

0.22 

1 .30 

1  .74 

+• 

0.06 

0.45 

0.39 

0.07 

1.75 

1  .  77 

0.02 

MCLR 

50 

1  ,440 

5.76 

1  .72 

0.35 

1  .77 

MCLR 

50 

1  ,440 

5.65 

5.71 

0.06 

1.95 

1  .34 

♦ 

0.12 

0.37 

0.36 

■¥ 

0.01 

1.35 

1.81 

0.04 

MCLR 

100 

147 

9.73 

2.00 

0.35 

1.30 

MCLR 

100 

150 

9.65 

9.69 

* 

0 . 04 

2.08 

2.04 

■f 

0.04 

— 

— 

— 

1  .88 

1.59 

•f 

0.29 

oz 

0 

1  .440 

6.43 

2.01 

0.50 

1.56 

oz 

0 

1  ,440 

5.71 

1.60 

0.35 

2.17 

oz 

0 

1  ,440 

7.41 

2.00 

0.41 

1.76 

oz 

0 

1  .440 

6.53 

6.53 

0.60 

1.78 

1.85 

♦ 

0.17 

0.35 

0.40 

♦ 

0.06 

1.73 

1.81 

•f 

0.22 

oz 

100 

1  .440 

5.73 

1.90 

0.40 

1.56 

oz 

100 

1  .440 

5.37 

5.53 

♦ 

0.21 

1.77 

1  .84 

♦ 

0.07 

0.30 

0.35 

♦ 

0.05 

1  .97 

1.77 

0.21 

oz 

200 

1  ,440 

5.43 

2.01 

0.49 

1  .74 

oz 

200 

1  ,440 

6.54 

5.99 

♦ 

0.56 

1.47 

1  .74 

0.27 

1.38 

0.44 

0.06 

1.42 

1.53 

♦ 

0.16 

oz 

400 

1  ,440 

6.01 

1.76 

0.43 

2.18 

oz 

400 

1  .440 

5.83 

5.92 

♦ 

0.09 

1.72 

1  .74 

•¥ 

0.02 

0.42 

0.43 

♦ 

0.01 

1.38 

2.03 

•f 

0.15 

oz 

800 

1  .440 

5.47 

1  .47 

0.37 

2.53 

oz 

800 

1  .440 

5.56 

5.52 

♦ 

0.05 

1.75 

1.61 

4> 

0.  14 

0.4! 

0.39 

♦ 

0.02 

2.34 

2.44 

♦ 

0.10 

oz 

^.600 

1  ,440 

5.74 

1.69 

0.41 

1.59 

oz 

1 .600 

1  ,440 

6.33 

6.06 

♦ 

0.32 

1.91 

1.80 

♦ 

0. 1 1 

---- 

— 

— 

oz 

3.200 

1  .440 

6.48 

1.91 

0.35 

1.91 

oz 

3.200 

1  .440 

6.65 

6.57 

♦ 

0.09 

1.65 

1.78 

♦ 

0.13 

0.48 

0.42 

♦ 

0.07 

1.38 

1.65 

0.27 

oz 

6.400 

1  .440 

6.08 

1.64 

0.41 

1.93 

oz 

6,400 

1  .440 

6.49 

6.29 

0.21 

1.73 

1.69 

♦ 

0.05 

0.32 

0.37 

♦ 

0.05 

2.11 

2.02 

♦ 

0.09 

oz 

12,800 

1  .440 

5.94 

1.67 

0.44 

1.89 

oz 

12.800 

1  .440 

6.12 

6.03 

♦ 

0.09 

1.70 

1  .69 

♦ 

0.02 

0.42 

0.43 

♦ 

0.01 

1.58 

1  .74 

♦ 

0.16 
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Table  3.  Dose  range  finding  study  for  microcystin  ozonolysis  product2. 


Surv 

Dose  Time  Liv  <id  Spl 


To  <  i  n 

(mq/kq) 

(Min) 

wt  r. 

X 

SO 

Wt  1 

X 

SD 

Wt  1. 

X 

SD 

MCLS 

0 

1  .440 

5.02 

1  .24 

0.27 

MCLR 

0 

1  .440 

5.08 

5.05 

4* 

0.04 

1.16 

1.20 

■f 

0.06 

0.28 

0.28 

<4 

0.01 

MCLR 

50 

1  .440 

5-20 

1.25 

0.32 

MCLR 

50 

1  ,440 

5.04 

5.12 

0.11 

1.27 

1.26 

0.01 

0.37 

0.35 

•f 

0.04 

MCLR 

100 

143 

8.35 

1.61 

0.38 

MCLR 

100 

157 

8.36 

8.36 

> 

0.01 

1.37 

1.49 

0.17 

0.31 

0.35 

•¥ 

0.05 

OZ 

0 

1  ,440 

4.94 

1  .27 

0.29 

OZ 

0 

1,440 

4.94 

4.94 

-f 

0.00 

1.30 

1  .29 

-f 

0.02 

0.32 

0.31 

+• 

0.02 

OZ 

100 

1  ,440 

5.24 

1.12 

0.32 

OZ 

100 

1  .440 

5.29 

5.27 

♦ 

0.35 

1.38 

1.25 

♦ 

0.18 

0.33 

0.33 

0.01 

OZ 

200 

1  .440 

4.67 

1.31 

0.33 

OZ 

200 

1  .440 

5.09 

4.88 

♦ 

0.30 

1.35 

1.33 

0.03 

0.32 

0.33 

0.01 

OZ 

400 

1  .440 

5.25 

1.28 

0.25 

OZ 

400 

1  .440 

5.16 

5.21 

♦ 

0.06 

1 .20 

1 .24 

•f 

0.06 

0.27 

0/26 

♦ 

0.01 

OZ 

800 

1  .440 

5.14 

1.25 

0.28 

OZ 

800 

1  .440 

5.14 

5.14 

0.00 

1.31 

1  .28 

♦ 

0.04 

0.41 

0.35 

0.09 

OZ 

1  .600 

1  .440 

5.71 

1.38 

0.29 

OZ 

1 .600 

1  ,440 

4.79 

5.25 

> 

0.65 

1.43 

1.41 

i 

0.04 

0.32 

0.31 

4* 

0.02 

OZ 

3.200 

1  ,440 

5.81 

1  .40 

0.34 

OZ 

3.200 

1  ,440 

5.63 

5.72 

♦ 

0.13 

1.21 

1.31 

♦ 

0.13 

0.33 

0.34 

♦ 

0.01 

OZ 

6.400 

1  .440 

6.04 

1.24 

0.28 

OZ 

6,400 

1  .440 

5.53 

5.79 

> 

0.36 

1.30 

1.27 

♦ 

0.04 

0.37 

0.33 

0.06 

OZ 

12.800 

1.440 

5.92 

1.28 

0.28 

OZ 

12.800 

1  .440 

5.46 

5.69 

♦ 

0.33 

1.37 

1.33 

4 

0.06 

0.35 

0.32 

■f 

0.05 
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Figure  2.  Mi crocysti n-LR  ozonolysis  product  ftZ. 
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y.  cytoskeletal  alterations  in  rat  hepatccytes  induced 

!_N  VIVO  AND  [N  VITRO  3Y  MICRCOYSTIN-LR  .  A  HEPATCTCXIN  PROM 
T-E  eLuE-GREEN  ALGA.  MICROCYSTIS  AERUGINOSA 
3.  Hccser,  Marie  S  e^senmi  dt .  Wanda  m,  Aaicnek 

ABSTRACT 

Mi  crccysti  n-LR  (MCLR)  is  3  cyc'ic  neotaoeptide  hecatotpxm  (,MW  »  9G4) 
produced  by  tbe  blue-green  alga.  Hi  croc  vs  r i s  aeruginosa .  The  morphologic 
effects  of  MCLR  on  rat  hepatic  parenchymal  cells  ( hepatocy‘es )  and 
nonparenenyma 1  cells  (primarily  s’nusoidal  endothelial  and  kupffer  cells)  in 
suspension  were  compared.  Also  evaluated  were  the  effects  of  MCLR  on  actin 
filaments  of  hepatceyves  j_n  v i vo  and  in  primary  monolayer  cultures  of 
hepatocytes  On  vitro.  Alterations  of  actin  filaments  in  hepatocytes  exposed 
j_n  vitro  were  compared  to  those  induced  by  phalloidin  and  cytochalasin  8. 
MCLR  was  added  to  suspensions  of  rat  hepatic  parenchymal  and  nonparenchyma  1 
cells  at  concentrations  of  O.l.  i.O.  or  10. 0  |jg/ml.  The  phosphate-buffered 
saline  (P6S)  vehicle  was  added  to  control  cell  suspensions,  for  studies  j_n 
vivo,  rats  were  given  i ntraper i tonea 1  injections  of  PBS  (controls)  or  a  lethal 
dose  of  MCLR  (130  ug/^'gi  and  killed  at  5.  10.  20.  30.  as.  and  60  minutes 
postdosing.  frozen  liver  sections  were  then  stained  with  rhodamlne 
phalloidin.  The  addition  rj  MCLR  to  hepatocytes  in  suspension  caused  rapid 
(10  minutes),  dose-dependent  blebbing  of  the  plasma  membrane  which  progressed 
in  »*tent  and  severity  with  time.  In  suspension,  nenparenen ,ma 1  cells  and 
hepatocytes  treated  with  BBS  were  unaffected.  Primary  nepatocyte  cultures 
were  treated  with  O.l.  10.  or  10. 0  of  MCLR/ml.  10.0  of  pnal loldin/ml  or 
10  0  ug  of  cytochalasin  B/ml  ,  fi«ed.  and  stained  with  modami  ne- 1  abe  1 1  ed 
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phalloidin  for  filamentous  actin.  The  number  of  cells  affected  by  MCLR  was 
Gose  decencent.  Six  hours  costoosing  with  0.1  vig  of  MClR/ml  ,  very  few 

hepatocytes  were  affected.  The  number  of  cells  having  morphologic  and  actin 
fi’ament  changes  increased,  witn  greater  than  751  of  all  cel’s  affected  by  6 
hours  after  exposure  to  1.0  and  10. 0  m?  of  MCLR/ml.  Over  a  period  of  6  h'urs 
at  10  pg  of  MCLR/'ml  .  there  was  a  progression  of  lesions  in  the  cultured 
hepatocytes.  Cne  hour  after  dosing,  scattered  ceils  had  1  or  2  small  Mebs  in 
the  plasma  membrane  with  actin  localized  at  their  bases.  Many  hepatocyte 

blebs  hoJ  one  or  .more  rays  of  actin  extending  from  the  actin  localized  at 
their  bases  to  the  tips.  At  3  hours  postdosing,  affected  cells  were  comprised 
of  numerous  plasma  memprane  blebs,  each  with  a  thicicened  ray  of  actin 
extending  from  the  base  to  the  tip.  By  6  hou'-s  after  initial  exposure  to 
MCLR.  most  of  the  cells  were  affected  with  numerous  plasma  membrane  blebs  and 
centrally  condensed  actin.  Six  hours  postdosing  with  phalloidin,  plasma 
membrane  blebbi.ng  was  evident  and  filamentous  actin  had  aggregated  i.ito 
numerous.  variably  sized,  i  ntracytoplasmi c  foci.  Also  at  6  hours, 
cytochalasin  B  had  caused  hepatocyte  plasma  membrane  blebbing  and  a  change 
from  a  linear  orientation  of  actin  filaments  to  numerous,  small  foci  of  actin 
scattered  throughout  the  cytoplasm.  In  vivo,  hepatocyt^  actin  filament 
alterations  were  present  at  20  minutes  after  initial  exposure  to  MCLR  while 

morphologic  alterations  seen  by  HJ,£  staining  were  not  present  until  30  minutes 

postdosing  Thus,  tn  suspension.  MCLR  causes  toxIn-reUted  plasma  membrane 
blebbing  in  hepatocytes  but  not  sinusoidal  endothelial  or  Kupffer  cells, 
indicating  that  n^p^tccytes  and  not  nonparenchyma  1  hepatic  cells  are  the 
primary  target  cells.  In  hepatocyte  culture.  MCLR  causes  plasma  membrane 
blebbing  and  cell  deformation  accompanied  by  rearrangement  of  actin  filaments 
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which  ic  G'stirct  from  that  caused  by  phalloidin  or  cytochalasin  3. 
Alterations  ir  necatocyte  actin  fila.’rents  a’so  occur  _i_n  v i o  and  precede  other 
Ticrphologi  c  cnanges.  Tne  results  of  work  both  _i_n  v  i  t^'o  ana  j_n  v  i  vo  suggesr 
that  .Ticrc^o !  :g  i  c  'es'cns  _n  >  i  vo  cause:  by  'ni  crocystin-LR  to<'cosi5  are  due  to 
alterations  in  n.patccyte  actin  filanents  with  numerous  secondary  lesions 
occurring  thereafter. 

Studies  with  pur-f'ed  VCLR  'n  rats  and  mice  show  that  it  is  specifically 

to*ic  to  the  liver,  ncwever,  the  mechanism  of  action  of  mClR  is  unknown. 
This  tOKicosis  is  Characterized  by  rapid  (within  30  minutes),  progressive, 
centri lobular  hepatocyte  rounding,  dissociation,  and  necrosis,  with  breakdown 
of  the  sinusoidal  endothelium  resulting  in  massive  intrahepatic  hemorrhage 
(Falconer  et  al..  1931;  Hooser  et  al.,  1588).  Ultrastructural  ly. 

hepatocyte-to-heoatocyte  separation,  hepatocyte  plasma  membrane  invagination, 
loss  of  plasma  membrane  microvilli,  as  well  as  subsequent  sinusoidal 

endothelial  breakdown,  precede  cellular  degeneration  and  necrosis  (Hooser  et 
al..  1988).  However,  previous  studies  utilizing  sequential  scanning  electron 
rn'c^oscopy  and  transmission  electron  microscopy  (TEM)  of  murine  livers 

following  i ntraoer 1 tcnea 1  administration  of  an  aqueous  aeruginosa  extract 
Showed  a  progressive  breakdown  of  sinusoidal  endothelium,  disappearance  of  the 
space  of  Olsse,  damage  o  hepatocyte  membranes,  and  'necrotic  changes"  In 

hepatocyte  cytoplasm  (Falconer  and  Runnejar.  1981).  Hence,  seme  question 

remains  as  to  the  hepatic  cell  type  which  is  initially  affected  by  mclR, 

heoatocytes  or  the  ncnoarenchvma I  hecat'c  cells  (primarily  sinusoidal 
endothelial  or  kupffer  cells).  Suspensions  of  hepatocytes  treated  with  MCLR 

undergo  rapid  (5  minutes  pcstdosing)  plasma  membrane  blebbing  without  cell 
death  (as  indicated  by  morphology,  i ntrace 1 1 u  1  ar  enzyme  release,  or  trypan 
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blue  uptake)  (Aune  and  Berg,  1986;  Runnegar  and  Falconer,  1931.  1982,  1986). 
Based  on  light  microscopic.  TEM.  and  suspension  findings,  it  has  been 
hypothesized  that  cytoskeletal  alteration  was  an  early  intracellular  event  in 
affected  cells  as  it  is  with  hepatocytes  treated  with  phalloidin  (prevents 
depolymerization  of  actin  filaments)  or  cytochalasin  S  (prevents  assembly  of 
actin  filaments)  (Sager  et  al.,  1986). 

The  objectives  of  this  study  were:  1)  to  identify  the  primary  hepatic 
cell  type(s)  affected  by  MCLR  in  suspension,  2)  to  characterize  morphologic 
changes  and  to  determine  whether  there  is  an  association  between  these  and 
alterations  in  the  arrangement  of  actin  filaments  within  affected  cultured 
hepatocytes,  3)  to  compare  MCLR-related  actin  filament  alterations  to  those 
caused  by  phalloidin  and  cytochalasin  B  in  hepatocyte  culture,  and  4)  to 
determine  if  MCLR  also  causes  alterations  of  actin  filaments  in  hepatocytes  in 
vivo  and  whether  these  are  related  to  the  morphologic  lesions  seen  by  light 
mi croscopy. 

MATERIALS  AND  METHODS 
Animals 

Male,  175  to  200  g  Sprague-Oawley  rats  (Harlan  Sprague-Oawley .  Inc., 
Indianapolis)  were  obtained  and  allowed  to  acclimate  for  2  weeks  or  longer 
before  use.  Animals  had  free  access  to  a  commercial  laboratory  animal  ration 
and  water  and  were  maintained  on  a  12-hour  light-dark  cycle.  Rats  were  no- 
fasted  prior  to  use. 

Tox  i  n 

Microcystin-LR  (MCLR)  (approximately  957,  pure)  from  Microcvsti s  aeruginosa 
laboratory  strain  7320  was  produced  and  purified  in  our  (W.  N.  Carmichael) 
laboratory  by  techniques  that  include  methanol /butanol  extraction  of  algal 
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cells,  centrifugation,  Sephadex  filtration,  and  purification  by  high 
performance  lipuid  chromatography  (Kri  shnamurthy  et  al.,  1986). 
Mi  crocysti n-LR  was  dissolved  in  phosphate  buffered  saline  prior  to  use. 

Hepatic  Parenchymal  and  Ncnoarenchvmal  Cell  Isolation 

Rat  hepatic  parenchymal  (hepatocytes)  and  nonparenchyma  1  (primarily 
sinusoidal  endothelial  and  iCupffer)  cells  were  isolated  by  previously 
described  collagenase  perfusion  methods  (Kuhienscnmidt  et  al.,  1982;  Hanson 
and  Mosselmans,  1980;  Lafranconi  et  al.,  1986).  Centrifugation  was  used  for 
hepatocyte  isolation  followed  by  pronase  digestion  of  the  supernatant  and 
metrizamide  gradient  centrifugation  to  isolate  nonparenchymal  cells 
(Kuhlenschmidt  et  al.,  1982;  Wanson  and  Mosse’man,  1980;  Lafranconi  et  al., 
1986).  Nonparenchymal  cells  were  identified  by  their  size  and  morphology. 
The  cell  pellets  were  resuspended  in  Ham's  F-10  medium  containing  (per  500  ml) 
100  ml  of  fetal  bovine  serum,  0.3  ml  of  insulin  and,  if  used  for  subsequent 
culturing,  1,0  ml  of  gentamicin  (50  mg/ml)  and  6  ml  of  a  combination  of 
penicillin  (10,000  U/ml )  and  streptomycin  (10  mg/ml). 

Toxin  Exposure,  Cell  Suspension,  Culture  and  Fixation 

For  cell  suspension  studies.  2  ml  of  the  cell  suspensions  <1  x  10^ 
cells/ml)  were  placed  in  5  ml  cell  suspension  tubes  to  which  were  added  2  ml 
of  phosphate-buffered  saline  (PBS;  pH  .  7.4),  or  2  ml  of  MCLR  in  PBS  at  a 
final  concentration  of  0.1,  1.0,  or  10.0  pg  of  MCLR/ml .  The  addition  of  PBS 
or  mclR  was  designated  as  time  0.  The  cells  were  incubated  with  mild 
agitation  at  37*C.  At  10.  20.  and  30  minutes,  aliquots  of  cells  were  removed 
for  Immediate  microscopic  examination  or  for  fixation  in  10"  neutra 1 -buffered 
formalin  (Aune  and  Berg.  1986;  Runnegar  and  Falconer,  1981.  1982). 
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For  cell  culture  studies,  hepatocytes  suspended  in  complete  Han's  F-10 
medium  were  added  to  Lux  S-well  tissue  culture  plates,  each  of  which  contained 
a  22-mm-square  glass  coverslip.  The  cells  were  initially  seeded  at  a 
subconfluent  concentration  of  1  x  10^  cells/m!  and  were  allowed  to  spread  for 
24,  48.  or  72  hours  with  changes  of  fresh  media  every  24  hours.  The 
hepatocytes  were  incubated  in  a  water-jaclseted  incubator  at  37*0  in  air;C02. 
95:5. 

Seventy-t'wo-hour  monolayer  cultured  hepatocytes  were  treated  with  PBS  or 
MCLR  in  P8S  at  a  final  concentration  of  0.1.  1.0.  or  10.0  pq/ml .  At  6  hours 
(0.1  and  1.0  pg/ml)  and  at  1.  2,  3.  4,  5,  and  6  hours  (10.0  pg/ml ) 
posttreatment,  replicates  of  the  cells  had  the  media  removed,  were  washed  with 
PBS,  fixed  with  fresh  3.71  paraformaldehyde  in  PBS  and  permeabi 1 i zed  with  0.57. 
Triton  X-100. 

Twenty-four-.  48-.  and  72-hour  cultured  hepatocytes  were  treated  with  PBS. 
10.0  pg  MCLR/ml ,  10.0  pg  phalloidin/ml .  or  10.0  pg  cytochalasin  B/ml .  At  6 
hours  postdosing  on  eacn  of  the  3  days,  replicates  of  the  cells  had  the  media 
removed,  were  washed  with  PBS.  fixed  with  fresh  3.7X  paraformaldehyde  in  PBS. 
and  permeabi 1 i zed  with  0.5X  Triton  X-100  in  PBS. 

Lactate  Dehydrogenase  Oetermination 

After  30  minutes  of  incubation  with  PBS  or  MCLR.  the  hepatocyte  and 
nonparenchyma  1  cell  suspensions  were  centrifuged  at  4*C  (to  stop  cellular 
reactions)  at  700  x  g  for  2  minutes  (hepatocytes)  or  1,500  x  g  for  15  minutes 
(nonparenchymal  hepatic  cells).  The  supernatant  was  removed  and  Immediately 
frozen  for  subsequent  LDH  analysts  and  the  cells  were  fixed  with  107. 
neutral-buffered  formalin.  For  the  experiment  involving  exposure  of  72-hour 
cultured  hepatocytes  to  10  pg  of  MCLR/ml  or  PBS  for  1,  2.  3.  4,  5,  or  6  hours. 
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the  media  was  removed  p’^ior  to  washing  with  P3S  and  was  immediately  frozen  for 
LDH  determination. 

Study  of  MCLP  In  Vivo 

Twenty-one  rats  were  randomly  assigned  to  7  grouDS  of  3  rats  each  and 
given  an  i  ntraper  i  toneal  injection  of  a  consistently  lethal  dose  of  MCLR 
(180  pg  of  MCLR/kg)  or  of  PBS  (controls  .  At  60  minutes  following  PBS 
administration  (controls)  or  at  5,  10.  20.  30.  45.  and  60  minutes  following 
MCLR  administration,  the  3  rats  from  each  time  group  were  killed  by  ether 
inhalation,  the  livers  removed  and  sectioned,  and  these  sections  covered  with 
optimal  cutting  terroerature  fluid  (a  cryoprotectant)  and  frozen  in  liquid 
nitrogen.  They  were  subsequently  cryosectioned  using  a  cryomi crotome  and 
placed  on  slides.  Adjacent  liver  sections  from  each  rat  were  also  fixed  in 
lOX  neutral  buffered  formalin  and  routinely  processed,  paraff  n  embedded,  cut 
at  4  to  6  u.  and  stained  with  hematoxylin  and  eosin. 

Use  of  Rhodami ne-Label 1 ed  Phalloidln  for  Visualization  of  Actin 

Filamentous  actin  in  cultured  hepatocytes  and  in  frozen  liver  sections  was 
visualized  by  using  rhodamine-label led  phalloidin  (Molecular  Probes,  Eugene. 
OR)  in  accordance  with  a  previously  described  procedure  (Zachary  et  al.. 
1986).  The  frozen  liver  sections  and  the  fixed,  permeabi 1 ized  hepatocytes  on 
cove'-slips  were  stained  with  rhodamine-label led  phalloidin,  and  mounted  on 
glass  slides  for  examination  with  an  epi luminescent  fluorescence  microscope 
and  with  direct  luminescence  light  microscopy. 

Photomi croscoov 

Photomicrographs  were  taken  with  an  Olympus  8H2  fluorescent  and 
incandescent  illumination  photomicroscope  using  Kodak  TMAX  400  black  and  white 


film. 
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RESULTS 

Cell  Suspension 

riepatocytes  in  control  incubations  were  unaffected  by  PBS  treatment. 
Plasma  membrane  blebbing  was  observed,  however,  in  MCLR-treated  hepatocytes. 
The  number  and  size  of  blebs  increased  in  a  dose  and  time-dependent  manner. 
Scattered  hepatocytes  treated  with  MCLR  at  O.l  pg/ml  had  multiple,  medium  to 
large,  plasma  membrane  blebs  at  30  minutes.  Treatment  with  MCLR  at  1.0  ^g/mi 
resulted  in  many  cells  having  a  few  plasma  membrane  blebs  at  10  minutes  with 
the  majority  of  cells  having  such  blebs  by  30  minutes.  Ten  minutes 
posttreatment  with  MCLR  at  10.0  pg/ml ,  almost  all  hepatocytes  had  multiple 
medium  to  large  plasma  membrane  blebs.  By  30  minutes,  these  blebs  had 
frequently  coalesced  to  form  a  rim  around  the  original  cell  border.  Hepatic 
nonparenchymal  cells  treated  with  either  PBS  or  MCLR  had  no  treatment- 

associated  plasma  membrane  blebs  at  any  toxin  concentration  at  any  of  the 
observation  times. 

Cell  Culture 

Hepatocytes  cultured  for  72  hours  and  then  treated  with  PBS  had  normal 
actin  filaments  (Figures  1  and  2).  One  hour  after  treatment  with  10  pg  of 

MCLR/ml ,  scattered  hepatocytes  had  1  or  2  plasma  membrane  blebs  with  an 

increased  amount  of  actin  at  the  bases  of  the  blebs.  In  many  of  these  cells, 
thickened  rays  of  actin  extended  from  a  dense  actin  spot  in  the  interior  of 
the  cell  to  the  tip  of  the  bleb  (Figure  3).  The  frequency  of  affected  cells 
increased  until  at  4  hours,  many  hepatocytes  had  several  plasma  membrane 

blebs,  each  with  an  increased  amount  of  actin  at  its  base  and  one  or  more 
thick  rays  of  actin  extending  from  the  base  to  the  tip  of  the  bleb  (Figures  4 
and  5).  By  6  hours,  the  majority  of  hepatocytes  were  affected.  These  had 
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extensively  blebbed  plasma  membranes  \»hich  occasionally  coalesced  to  form  a 
rim  around  the  original  cell  bcroer  and  the  actin  in  these  cells  was 
aggregated  in  the  center  of  the  cells  into  a  single,  intensely  staining  spot 
(Figures  6  ana  7).  No  elevation  of  LDH  was  noted  at  any  time  point  as 
compared  to  PBS  controls. 

The  frequency  of  the  morphologic  changes  in  MCLR-treated  hepatocytes 
cultured  for  72  hours  was  dose-dependent.  Six  hours  after  treatment  with  MCLR 
at  0.1  pg/ml .  a  few  scattered  cells  were  affected  as  described  above,  At  a 
MCLR  concentration  of  1.0  pg/ml ,  many  hepatocytes  were  affected  but  not  to  the 
extent  of  those  treated  with  10.0  pg  of  MCLR/ml . 

Si-  hours  postdosing  with  PBS.  24-hour  cultured  hepatocytes  had  no  actin 
filament  changes;  however,  the  cells  were  still  rounded,  had  not  spread  out, 
had  diffuse  staining  with  rhodamlne-phal loidin  and  few  linearly  organized 
actin  filaments.  The  filamentous  actin  in  those  hepatocytes  treated  for  6 
hours  with  10.0  pg  of  MCLR/ml  was  aggregated  in  the  centers  of  the  cells  into 
single,  intensely  staining  spots  identical  to  those  in  hepatocytes  cultured 
for  72  hours  prior  to  exposure  as  described  in  the  first  paragraph  of  this 
section.  Replicate  24-hour  hepatocytes  treated  with  10. 0  pg  of  pha 1 loi di n/ml 
had  numerous  plasma  membrane  blebs,  but  when  stained  with  rhooamine-phal loidin, 
there  were  many  variably  sized  aggregations  of  actin  scattered  throughout  the 
cytoplasm  (Figure  8).  Replicate  24-hour  hepatocytes  treateo  with  10.0  pg  of 
cytochalasin  B/ml  were  similar  to  those  treated  with  phailoidin,  however,  the 
actin  aggregations  located  throughout  the  cytoplasm  were  more  uniform  in  size 
and  smaller  (Figure  9),  The  number  of  cultured  hepatocytes  responding  to 
phailoidin  treatment  was  related  to  the  age  of  the  cells.  Approximately  1/.2 
of  the  24-hour-old  cells  were  affected  as  described  above,  with  4a-hour-old 
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cells,  less  than  1/5  of  all  cells  were  affected,  while  with  72-hour-old 
cultures,  almost  no  heoarocytes  were  affected  by  10.0  ^g  of  phal loidi n/mi . 
Neither  MCLR  nor  cytochalasin  6  showed  this  hepatocyte  age-dependent  effect. 
Morphologic  and  Cvtoskeletai  Effects  in  Livers  of  Intact  Rats 


Morphologic  lesions  seen  with  light  microscopy 

i  n 

formal 

i n-f i xed , 

hematoxylin-  and 

eosin-stained 

sections  were  similar 

to 

those 

reportea 

previously  (Hooser 

et  al..  1983) 

except  that  no  lesions 

were 

seen 

unti  1  30 

minutes  postdosing.  Thirty  minutes  postdosing  with  180  pg  of  MCLR/kg,  there 
was  di sassoci ation  and  rounding  of  5  to  10  rows  of  hepatocytes •  adjacent  to 
central  veins,  with  mild  hemorrhage  present  in  some  areas  (Figure  10).  This 
lesion  progressed  in  e'<tent  and  severity  until  at  60  minutes  postdosing,  there 
was  hepatocyte-to-hepatocyte  disassociation  and  rounding  with  hemorrhage  and 
hepatocyte  fragmentation  and  necrosis  involving  entire  liver  lobules  except 
for  a  rim  of  periportal  hepatocytes  10  to  15  cells  wide. 

In  rhodamine-phal loidin  stained,  frozen  liver  sections  of  PBS-treated 
rats,  a  normal  pattern  of  marginated  actin  was  seen  in  hepatocytes  (Figure  11). 
as  it  was  in  MCLR-treated  animals  at  5  and  10  minutes  postdosing.  However,  at 
20  minutes  after  addition  of  MCLR.  centri lobular  and  a  few  midzonal  hepatocytes 
had  5  to  15  small,  discrete  aggregations  of  actin  within  their  cytoplasm 
(Figure  12).  Forty-five  minutes  postdosinq,  midzonal  hepatocytes  were  affected 
with  marked  aggregation  of  actin  (Figure  13).  This  lesion  progressed  in  extent 
and  severity  until  at  60  minutes  the  majority  of  periportal  hepatocytes  were 
also  affected.  By  this  time,  in  many  centri lobular  and  midzonal  hepatocytes 
the  Intracytoplasmic  filamentous  actin  had  aggregated  into  a  single,  dense 
focus.  This  actin  aggregation  was  quite  prominent  in  nepatocytes  immediately 
adjacent  to  norma  I -appearing  hepatocytes  (Figures  14  and  15). 
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DISCUSSION 

In  suspension,  hepatocytes  but  not  sinusoidal  endotbeiial  or  Kupffer  cells 
had  mcrpnologic  cnanqes  causea  by  MC'.S.  Presumably  this  is  because  cellular 
uptake  of  MCLP  occurs  py  a  recatccyte-spec i f i c  bile  acid  carrier  similar  to 
that  responsiple  for  phalloidin  uptake  into  hepatocytes  ^Primmer.  1982; 
Faulstich,  1986).  Hepatocytes  in  suspension  are  protected  from  MCLR  induced 
toxicity  when  competitors  of  bile  acid  carriers  are  added  prior  to  toxin 
administration  (Runnegar  et  al..  1981).  The  lack  of  such  plasma  membrane 
carriers  in  other  cell  types  would  account  for  the  liver  and  hepatocyte 
specificity  of  MCLR.  Unlike  phalloidin.  the  addition  of  MCLR  to  hepatocytes 
in  suspension  reportedly  does  not  cause  an  increase  of  polymerized  actin  nor 
does  it  cause  a  decrease  of  polymerized  actin  as  does  cytochalasin  8  (Runnegar 
et  al..  1986).  Ir  the  present  study,  we  have  demonstrated  that  the  effects  of 
MCLR  on  the  arrangers  t  of  filamentous  actin  within  hepatocytes  are  distinctly 
different  from  those  <.  phalloidin.  or  cytochalasin  B.  In  addition,  we  found 
that  the  effect  of  phall-'idin  on  cultured  hepatocytes  decreases  with  the  age 
of  the  cells  but  that  they  remain  sensitive  to  the  effects  of  MCLR.  This 
decrease  could  be  due  to  cne  of  the  following  reasons:  1)  there  are  reduced 
numbers  of  the  bile  acid  carrier  which  carries  phalloidin  into  the  cell  and 
that  MCLR  is  carried  in  by  other  bile  acid  carriers  so  that  the  cells  are 
still  affected  by  MCLR,  or  2)  there  is  an  intracellular  change  which  renders 
the  hepatocytes  insensitive  to  the  effects  of  phalloidin  but  which  does  not 
alter  sensitivity  to  MCLR.  whether  the  changes  In  actin  filaments  represent  a 
direct  interaction  of  MCLR  with  actin  or  whether  these  filamentous  changes  are 
secondary  to  other  intracellular  effects  of  MCLR  remains  to  be  elucidated. 
However,  it  is  evident  that,  whatever  the  mechanism  of  action  of  MCLR.  its 
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effects  are  distinct  from  those  of  phalloidirt  or  cytcchalasin  B.  These 
findings  suggest  that  although  MCLR  and  phalloidin  may  enter  hepatocytes  by 
similar  membrane  carriers,  the  resulting  lesions  are  due  to  different 
intracellular  mecnani.ms. 

Early  in  our  studies,  it  was  noted  that  freshly  isolated  hepatocytes  in 
suspension  responded  much  more  rapidly  to  the  addition  of  MCLR  than  did 
cultured  hepatocytes  (1/2  versus  6  hours  before  approximately  1001  of  the 
cells  were  affected).  The  reason(s)  for  this  difference  remain  unknown  at 
this  time  but  could  be  due  to:  a  decline  in  numbers  of  hepatocyte  plasma 
membrane  receptors  for  MCLR  (if  there  is  a  receptor)  in  cultured  cells,  a 
decline  of  some  other  as  yet  undiscovered  intracellular  receptor  or  protein  in 
cultured  hepatocytes  which  is  necessary  for  toxicity,  or  perhaps  the  poor 
organization  of  actin  filaments  in  suspended  hepatocytes  as  opposed  to  the 
we  1 1 -organ! zed  actin  fi 'aments  and  stress  fibers  in  cultured  hepatocytes  could 
account  for  this  difference.  Although  hepatocytes  in  suspension  react  to  MCLR 
more  rapidly  than  do  cultured  hepatocytes,  we  chose  to  examine  actin  filaments 
in  72  hours  cultured  cells  because  alterations  in  the  well  organized  actin 
filaments  of  cultured  cells  were  much  easier  to  discern  than  in  poorly 
organized  actin  filaments  in  hepatocytes  less  than  24  hours  old. 

Both  In  suspension,  up  to  30  minutes  postdosing  and  in  cultured  cells  up 
to  6  hours  postdosing,  there  was  no  leakage  of  intracellular  LDh  from 
MCLR-treated  hepatocytes  as  compared  to  PBS  treated  contrcl  cells.  This  would 
indicate  that  actin  filament  alterations  and  morphologic  changes  occur  before 
plasma  .membrane  damage  and  leakage. 

We  have  found  that  changes  In  hepatocyte  actin  filaments  in  vivo  precede 
morphologic  lesions  seen  by  HiE  staining  and  that  these  actin  filamei.t  changes 
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progress  to  aggregation  of  actin  into  a  single  dense  spot  just  as  is  seen  with 
cultured  hepatccytes  ^  vitro.  Thus,  we  have  shown  that  similar  cnanges  in 
actin  filaments  are  seen  in  hepatocytes  j_n  vi  tro  and  _i_n  vivo. 

It  is  concluded  mat  mC:..^  principally  affects  hepatocytes  rather  than 
ncnparenchymal  cells  and  causes  redistribution  and  an  aggregation  of  actin 
filaments  within  hepatocytes.  This  disruption  of  the  structural  support  of 
the  cell  and  aggregation  of  the  intracellular  actin  into  a  single  area  most 
likely  accounts  for  the  plasma  membrane  blebbing  that  occurs  j_n  vitro,  as  well 
as  hepatocyte  disasscciatlon,  plasma  membrane  invagination,  ana  loss  of 


microvi 1 1 i  in  vivo. 


Figure  2. 
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PBS  treated,  normal,  72-hour  cultured  hepatocytes  6  hours 


postdosing.  5C0-X. 
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Figure  3. 


Seventy-two-hour,  cultured  hepatocytes  1  hour  after  treatment  with 
10.0  ug  of  MCLR/ml .  Several  plasma  membrane  blebs  contain  large, 
thick  actin  filaments  which  extend  from  the  bases  to  the  tips  of 
the  blebs.  500-X. 
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Figure  4.  Seventy-tiKO-hour ,  cultured  hepatocytes  3  hours  after  treatment 
with  10.0  pg  of  MCLR/ml .  Actin  is  aggregating  beneath  the  plasma 
membrane  w'ith  thic<ened  actin  filaments  extending  out  to  the  tips 
of  the  blebs.  50C-X. 


gure  5. 
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Seventy-two-hour,  cultured  hepatocytes  4  hours  after  treatment 
with  10.0  pg  of  MCLR/ml .  Actin  is  aggregating  in  the  center  of 
the  cell  with  thickened  actin  filaments  extending  out  to  the  tips 


of  the  blebs.  500-X. 


f  : 
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Figure  6.  Seventy-two-hour,  cultured  hepatocytes  6  hours  after  treatment 
with  10.0  |ig/ml  of  MCLR.  Almost  all  cells  are  affected.  100-X. 
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Figure  7.  Seventy- two-hour,  culturjd  hepatocytes  6  hours  after  treatment 
with  10.0  ug/ml  of  MCLR.  Most  of  the  intracellular  actin  has 
aggregated  into  a  single  spot  and  there  is  extensive  blebbing  of 
the  plasma  membranes.  500-X. 
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Twenty-four  hour,  cultured  hepatocytes  6  hours  after  treatment 
with  10.0  Jig  of  phal loidin/ml .  Intracellular  actin  has  aggregated 
into  many,  variably  sized  foci  located  throughout  the  cytoplasm. 


500-X. 
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Figure  9. 
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Figure  11.  Rhodamlne-phal loldin  stained,  frozen  liver  section  60  minutes 
postdosing  with  PBS.  There  is  a  normal  pattern  of  actln  staining 
at  the  margins  of  the  hepatocytes.  500-X. 
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Figure  12.  Rhodamine-phal loidin  stained,  frozen  liver  section  20  minutes 
postdosing  with  130  ^g  of  MCLR/kg.  Hepatocytes  adjacent  to  the 
central  vein  (c)  have  small,  discrete  aggregations  of  actin  within 
their  cytoplasm.  500-X. 
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Figure  13.  Rhodamine-phal loidin  stained,  frozen  liver  section  45  minutes 
postdosing  with  180  jig  of  MCLR/kg.  Midzonal  hepatocytes  on  right 
appear  normal  while  those  on  left  have  lost  marginal  actin  and  the 
actin  is  now  aggregated  in  numerous,  variably  sized  foci.  500-X. 
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Figure  14.  Rhodaml ne-phal loidin  stained,  frozen  liver  section  60  minutes 
postdosing  ^ith  180  pg  of  MCLR/kg.  By  this  time,  the  lesion  has 
progressed  from  the  central  regions  to  the  periportal  regions. 
Only  a  few  normal  appearing  hepatocytes  immediately  adjacent  to 
the  portal  vein  (P)  can  be  seen.  250-X. 
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Figure  15.  Rhodamine-phal loldin  stained,  frozen  liver  section  60  minutes 
postdosing  with  180  vi9  of  MCLR/kg.  Hepatocytes  close  to  the 
portal  triad  (p)  contain  a  single,  dense  actin  aggregation  and 
have  lost  the  actin  at  their  margins.  A  few  hepatocytes  still 
appear  unaffected  with  normal,  marginal  staining  of  filamentous 
actin.  SOO-X. 
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VI.  THE  EFFECTS  OF  MICROCYSTIN-LR  ON  HEMODYNAMIC.  CLINICAL  PATHOLOGIC, 
AND  BLOOD-GAS  PARAMETERS  IN  SWINE 
Randall  A.  LoveP  and  Kenneth  R.  Holmes 


INTRODUCTION 

The  microcystins  are  a  family  of  hepatotoxic  monocyclic  heptapeptides 
produced  by  M.  aeruginosa  and  other  cyanobacteria  (blue-green  algae).  Most 
aspects  of  the  structure  of  microcysti.n-LR  (MCLR;  cyancginosin-Lfi) .  the  most 
studied  member  of  the  microcystin  fami ’  ,  have  been  elucidated  recently 
(Elleman  et  a1..  1978;  Botes  et  al.,  1982.  1985).  The  toxin  likely  gains 

entrance  into  hepatocytes  (Runnegar  and  Falconer.  1982)  via  organic  anion 
(bile-acid)  carriers.  Blebbing  of  hepatocytes  is  one  of  the  first  effects  of 
microcystins  in  vi tro  (Runnegar  et  al..  1981;  Runnegar  and  Falconer,  1986). 
Although  the  cause  of  acute  death  following  microcystin  administration  has 

been  attributed  to  hemorrhagic  shock  (Ostensvik  et  al.,  1981;  Runnegar  and 
Falconer,  1982;  Sasner  et  al..  1984;  Thelss  and  Carmichael,  1986)  caused  by 
primary  effects  of  microcystin  on  the  liver,  Slatkin  et  al  .  (1983)  surmised 
that  the  presence  of  "atypical  pulmonary  thrombi"  lead  to  pulmonary 
congestion,  right  heart  failure,  and  centr i lobul ar  nepatic  necrosis  and 
hemorrhage.  The  major  goals  of  this  study  were  to  determine  the  primary 

cause(s)  of  death  following  MCLR  administration  in  swine  and  to  identify 

processes  which  differentiate  lethal  from  sublethal  toxicoses. 

MATERIALS  and  methods 

The  animals,  materials,  and  methods  used  in  this  study  were  described  in 
the  1937  Annual  Report  for  the  contract  on  pages  97-99. 
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Hematology,  Serum  Chemistry,  and  Blood  Ca,'  Heasurements 

Complete  blood  counts  (3  ml)  includes  red  (RBC)  and  white  (WBC)  blood 
cell  counts.  di  f^ei^ential  white  blood  cell  counts,  platelet  counts, 
hemoglobin,  and  hematocrit],  serum  cnemistry  profiles  (10  ml)  [includes 
creatinine  (CRE).  urea  nitrogen  (UN),  total  protein  (TP),  albumin,  calcium, 
phosphoius  (P).  sodium,  potassium,  chloride  (CD.  magnesium  (Mg),  glucose, 
cholesterol,  total  bilirubin  (T8).  alanine  aminotransferase  (ALT),  aspartate 
aminotransferase  (AST),  alkaline  phosphatase  (AP>,  gamma  glutamyl  transferase 
(GGT),  lactate  dehydrogenase  (LDH).  creatinine  phosphokinase  (C?<),'  arglnase 
(ARG;  Mia  and  Koger.  1978),  and  bile  acids], ^  blood  gases  and  electrolytes  (3 
ml;  anaerobically  collected)  [includes  PH.  pC02,  total  CO2,  PO2,  0? 
saturation,  O2  content,  base  excess  base  (BEg).  base  excess  extracellular 
fluid  (BEfcp),  standardized  bicarbonate  (SBC),  bicarbonate  (KCO3-).  hematocrit 
(Hct),  hemoglobin  (Hb).  sodium  (Na).  potassium  (K),  ionized  calcium  (iCa),  and 
normalized  calcium  (nCa'l.^  and  blood  lactate  concentrations'*  (1  ml)  were 
followed  over  time.  The  aortic  catheter  was  flushed  as  above  after  each  blood 
sample  was  obtained.  All  catheters  were  periodically  flushed  to  maintain 
patency. 

Statistical  Analysis 

A  nested  analysis  of  variance  patterned  on  a  univariate  repeated  measures 
analysis  (Wilkinson,  1988)  was  used  to  Identify  significant  differences  (a  ■ 
0.05)  due  to  treatment,  time,  or  treatment'tl.me  inter-ctton  for  the  clinical 
pathology,  blood-gas,  and  hemodynamic  data.  Prior  to  statistical  ar  'ysis, 
all  postdosing  values  (except  electrolytes)  were  subtracted  from  the  predose 
mean  of  that  animal.  The  model  used  was;  corrected  response  (corresp)  ■ 
constant  ♦  treatment  (trt)  ♦  subjects  in  control  group  (subl)  subjects  in 


toxic-sublethal  dose  group  (sub2)  *  subjects  in  lethal  dose  group  (sub3) 

time  f  trftime.  Corresp,  trt.  subl-3.  time,  and  trftime  represent  the 

corrected  response  (postdosing  value  minus  mean  predose  value),  the  treatment, 
the  subjects  within  each  treatment,  the  time  after  administration,  ana 

the  treatment*time  interaction,  respectively.  Since  f'e  majority  of  any 
changes  in  the  electrolyte  data  occurred  terminally,  the  electrolyte  data  was 
analyzed  using  both  the  untransformed  data  (respons-  replaces  corresp  in  the 
above  model)  and  the  transformed  data.  Analysis  of  the  untransformed  data  was 
chosen  because  it  provided  a  more  conservative  estimate  of  electrolyte 
changes.  The  number  of  surviving  animals  in  the  lethal  dose  group  decreased 

with  time  which  prevented  the  use  of  a  repeated  measures  analysis.  Data  from 
terminal  blood  samples  in  the  lethal  dose  group  (collected  at  57,  60.  85.  138, 
and  173  minu^'es.  respectively)  were  analyzed  as  though  they  were  taken  at  the 
next  scheduled  time  point  (90,  90.  90.  150.  and  210  minutes)  for  the  clinical 
pathology  and  blood-gas  parameters. 

Comparisons  between  treatment  groups  at  postdosing  time  points  were 
performed  using  linear  contrast  at  a  level  of  a  -  0.C5  (Wilkinson,  1988). 
except  at  the  time  ooints  where  only  i  pig  was  alive  in  the  lethal  dose 
group.  These  included  the  3C0-minute  time  point  for  blcod-gas  and  clinical 

pathology  parameters  and  the  186-,  I98-.  2I0-.  222-,  236-.  248-,  260-,  272-, 
234-,  ind  194-minute  time  points  for  hemodynamic  and  organ  perfusion 
parameters.  The  denominator  of  the  F  statistic  in  these  contrasts  was  tne 
error  (time)  term  In  the  nested  ANCVA  analysis.  Ar  the  t're  points  where  only 
1  pig  was  alive  In  the  lethal  dose  group.  1-way  analysis  of  variance 
(Wilkinson.  1988)  was  used  to  determine  statistical  significance  between  the 
letl.al  dose  group  and  the  other  2  groups.  Due  to  the  small  sample  size  and  a 
desire  to  Increase  power,  a  was  set  at  0.15  in  these  analyses. 
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RESULTS 

Hemodynamic  Effects 

Mean  central  venous  pressure  (CV?;  Figure  1)  in  the  lethal  dose  group  was 
significantly  less  than  controls  at  15  minutes  (12-  to  18-minute  mean)  after 
MCLR  administration.  At  21  minutes,  mean  portal  venous  pressure  (PVP;  Figure 
2)  was  significantly  increased  in  the  lethal  dose  group  when  compared  to 
controls.  The  3  pigs  in  the  lethal  group  with  the  highest  predosing  portal 
venous  pressures  had  the  largest  increases  in  portal  venous  pressure  and  the 
shortest  survival  times.  The  PVP  of  the  lethal  dose  group  was  significantly 
increased  in  comparison  to  the  toxic-sublethal  dose  group  at  21  minutes.  From 
180  to  300  minutes,  the  PVP  was  not  significantly  different  between  the 
toxic-sublethal  and  lethal  dose  groups. 

In  the  toxic-sublethal  dose  group,  the  hemodynamic  parameters  exhibited 
the  same  direction  of  change  as  the  lethal  dose  group  when  compared  to  the 
controls,  but  these  changes  except  the  aortic  mean  pressure  (AOM),  which  was 
significantly  decreased  at  15  minutes,  took,  longer  to  become  significantly 
different  (liver  perfusion  ■  39  minutes,  renal  perfusion  ■  51  minutes,  CVP  = 
57  minutes,  and  PVP  »  162  minutes)  and  were  not  of  as  great  a  magnitude.  The 
toxic-sublethal  dose  group  AOM  was  not  significantly  lower  than  control  AOM 
the  last  hour  of  the  study. 

Hematology,  Serum  Chemistry,  and  Blood-Gas  Effects 

Clinical  pathology,  blood-gas,  and  complete  blood  count  parameters  (Table 
I)  in  the  lethal  dose  group  which  were  significantly  different  from  the 
control  group  by  45  minutes  included:  a)  lactate  (Figure  3),  bile  acids 
(Figure  4),  K  (Figure  5),  p02  (Figure  6),  O2  saturation,  and  TB  (all 
increased);  and  b)  Hct,  platelet  count  (Figure  7),  HCO3-.  PCO2  (Figure  8).  and 
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BE3  (all  decreased).  By  90  minutes,  significant  increases  (lethal  vs  control) 
in  ARC  (Figure  9),  UN,  P,  and  CRE  were  present  as  we’l  as  significant 

decreases  in  glucose  (Figure  10)  and  pH  (Figure  11).  At  150  minutes,  ALT,  AST 
(Figure  12).  ALP,  LDH,  and  C?K  (Figure  13)  were  significantly  increased 

(lethal  vs  control).  At  150  minutes  in  the  toxic-sublethal  group,  bile  acid 
concentrations  were  significantly  higher  and  platelet  counts  were 

significantly  lower  than  controls.  Significant  decreases  (lethal  dose  group 
vs  control  dose  group)  in  serum  Hb.  SBC.  and  BE£rc  were  observed  at  the  5 

postdosing  time  points  (except  serum  Hb  at  300  minutes). 

Serum  concentrations  of  Na,  Cl,  Mg.  iCa.  and  nCa  were  within  normal 
ranges,  although  there  was  a  trend  over  time  toward  lower  iCa  and  nCa  and 
higher  Mg  concentrations  in  the  lethal  dose  group.  The  WBC  blood  cell  counts 
exhibited  wide  variability,  and  no  significant  changes  were  observed  in 
comparison  to  the  controls.  There  were  no  significant  treatment-related 
changes  in  TP.  albumin.  GGT,  cholesterol,  and  RBC  among  the  groups. 

DISCUSSION 

Ostensvik  et  al.  (1981).  Berg  and  Soli  (1985b).  and  Theiss  and  Carmichael 
(1986)  have  measured  aortic  blood  pressure  in  anesthetized  rats  after  a  lethal 
parenteral  dose  of  MCLR  or  a  microcystin  extract.  They  found  that  aortic 
blood  pressures  steadily  declined  to  values  which  were  less  than  50%  of 
predosing  values,  often  by  45  to  60  minutes  postdosing.  Our  findings 
concerning  a  fall  in  aortic  blood  pressure  are  in  close  agreement  with  those 
in  rats,  excepfwith  the  pig  the  decrease  was  often  more  precipitous. 

Theiss  and  Carmichael  (1986)  found  no  significant  changes  in  either 
jugular  or  portal  venous  pressures  during  the  course  of  their  rat  study.  The 
concommitant  decrease  in  central  venous  pressure  and  increase  in  portal  venous 
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pressure  in  the  swine  of  this  study  indicates,  however,  that  there  is  a 
partial  blockage  or  blood  flow  through  the  liver  to  the  posterior  vena  cava. 
Although  our  central  and  portal  venous  pressure  findings  differ  from  those  of 
Theiss  and  Carmichael  (1986)  and  may  be  due  to  differences  in  species,  dose, 
anesthetics,  and  survival  time,  the  data  of  neither  study  is  compatible  with  a 
backup  of  pressure  from  a  failing  heart  (Fox.  1986;  Bonagura  and  Hamlin.  1986) 
as  the  cause  of  the  hepatic  lesions  as  suggested  by  Slatkin  et  al.  (1983). 
The  findings  of  this  study  indicate  that  there  is  a  partial  obstruction  of 
blood  flow  through  the  liver  to  the  caudal  vena  cava  in  swine  administerec  a 
lethal  dose. 

No  previous  studies  were  found  where  blood-gas  parameters  were  measured 
following  microcystin  administration.  Our  findings  indicate  that  the  lungs 
were  functioning  properly  since  the  lethal  dose  group  had  the  highest  arterial 
p02  and  lowest  pC02  after  dosing.  Tachypnea  was  observed  in  the  lethal  dose 
group,  and  this  was  likely  in  response  to  a  metabolic  acidosis  (decreased  pH, 
HCO3-,  BEb  and  increased  lactate)  and  a  marked  fall  in  AOM  (Brobst.  1983). 

Clinical  pathology  parameters  have  been  followed  in  sheep  (Konst  et  al., 
1965;  Main  et  al..  1977;  Mclnnes  et  al . ,  1983;  Jackson  et  al.,  1984).  cattle 
(Konst  et  al..  1  965;  Stowe  et  al.,  1981;  Galey  et  al..  1987;  Cook  et  al.. 
1988),  mice  (Mason  and  Wheeler.  1942,  Falconer  et  al . .  1981;  Slatkin  et  al., 
1983;  Adams  et  al.,  1  985),  and  rats  (Jones  and  Carmichael,  1984;  Berg  and 
Soli,  1985a;  Theiss  and  Carmichael,  1986;  LeClaire  et  al..  1988)  after 
microcystin  administration.  Marked  increases  in  liver-related  parameters 
including  AST,  ALT,  AP.  GGT.  bile  acids.  LDH,  ARC.  TB.  bromosulfophthalein 
clearance  time,  glutamate  dehydrogenase,  iditol  dehydrogenase,  and  ornithine 
carbamyl  transferase  have  been  reported.  Changes  in  clinical  pathology 
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parameters  not  necessarily  related  to  liver  damage  include  increases  in  CPK, 
lactate,  urine  hemoglobin,  and  urea  nitrogen.  Decreases  have  occurred  in 
platelet  count,  inorganic  phosphorus,  and  calcium. 

The  clinical  pathologic  parameter  which  provided  the  most  marked,  early 
indication  of  acute  hepatic  damage/dysfunction  in  the  MCLR-dosed  swine  of  this 
study  was  serum  bile  acic!  concentration.  Bile  acids  were  increased  40X  by  45 
minutes  and  15X  by  150  minutes  in  the  iethal  and  toxic-sublethal  dose  groups, 
respectively.  Significant  increases  in  liver-related  enzymes  (ARC,  AST.  LDH, 
AP)  in  the  se^um  required  90  to  150  minutes  to  occur,  which  suggests  that 
hepatocyte  membrane  disruption  occurs  after  the  onset  of  inadequate  liver 
perfusion.  The  longer  the  survival  time  in  this  study,  the  greater  was  the 
magnitude  of  increase  in  serum  activities  of  enzymes  potentially  released  from 
the  liver  and  muscle  (AST  and  LDH)  as  well  as  the  mild  increase  in  one 
considered  to  be  muscle  specific  (CPK).  This  seems  to  indicate  that  mild 
muscle  damage  as  well  as  liver  damage  is  contributing  to  the  increases  in  AST 
and  LDH  (Duncan  and  Prasse,  1977).  Also,  the  longer  the  survival  time  in  this 
s,tudy,  the  greater  was  the  decrease  in  glucose  concentrations  and  the  lesser 
the  decrease  in  hematocrit.  Significant  decreases  in  hematocrit  and  platelet 
counts  and  increases  in  lactate  occurred  by  45  minutes  postdosing  in  the 
lethal  group  and  are  consistent  with  hemorrhage  and  shock. 

The  decreased  renal  perfusion,  as  described  in  the  1987  report  for  this 
contract,  and  mild  renal  damage  as  documented  by  others  are  the  most  likely 
cause(s)  for  the  significant  increases  in  BUN,  CRE,  and  PHOS.  Tubular 
nephrosis  has  been  reported  previously  in  several  species  (Ashworth  and  Mason, 
1946;  Louw  and  Smit,  1950;  Konst  et  al.,  1965;  Elder  et  al.,  1985)  and  is 
likely  secondary  to  hypoxia  and  hepatic  emboli,  although  direct  microcystin 
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effects  cannot  be  ruled  out.  Reduced  ability  of  the  kidney  to  excrete 

hydrogen  ions,  hepatocyte  leakage,  and  especially  metabolic  acidosis  resulting 
in  the  exchange  of  extracellular  hydrogen  ions  for  intracellular  K  probably 

accounts  for  the  terminal  hyperkalemia  (Brobst,  983;  Duncan  and  Prasse,  1977). 

Although  right  or  left  heart  failure  can  elevate  hydrostatic  pressures 
which  may  lead  to  centri lobular  hepatic  necrosis  and  congestion,  it  usually 

takes  several  days  to  weeks  to  develop,  and  significant  decreases  in  platelet 
counts  and  increases  in  arterial  pQi  ^re  not  commonly  associated  with  the 
syndrome  <Fox,  1986;  Bonagura  and  Hamlin.  1986;  Robbins  and  Contran,  1979). 
In  conclusion,  the  hemodynamic,  organ  perfusion,  blood-gas,  and  clinical 

pathology  findings  of  the  present  study  indicate  that  the  liver  is  the  target 
organ  for  MCLR.  Death  is  apparently  caused  by  hypovolemic  shock,  partial 
blockage  of  blood  flow  through  the  liver,  hepatic  failure,  hypoglycemia, 
and/or  hyperkalemia. 
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^Hitachi  705,  Boehringer  Mannheim  Diagnostics,  Indianapolis,  IN 
“Enzabil,  NYCOMED  AS  Diagnostics,  Oslo,  Norway. 

^Stat  Profile  1  Analyzer,  Nova  Biomedical,  Newton,  MA. 

^Lactate  Procedure  No.  826-UV,  Sigma  Diagnostics,  St.  Louis,  MO 
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Table  1.  Changes  in  selected  clinical  pathologic,  blood-gas,  and  complete 
blood  count  parameters  which  had  significant  (p  <  0.05)  treatment 
or  treatment*time  effects. 


CMANCC 

FROM  PREOOSE 

VALUES 

TRT 

Predose 

45  Min 

90  Nin 

ISO  Min 

210  Min 

300  Min 

PARAMETEK 

p  values 

SAP 

Mean  •  SEN 

Mean  •  SEN 

Mean  ;  SEN 

Mean  ;  SEN 

Mean  ;  SEN 

Mean  ;  SEN 

Alanin* 

T»T<0.001 

VEH 

2a  *  A.3 

1  •  i.r* 

2;  1.7* 

-3;  2.1* 

3;  1.2* 

-1;  1.5* 

Aminotransferase 

TIM£<0.001 

TCX 

25  *  4.4 

1  «  1.8* 

4*  1.8* 

11  *  6.2® 

16*  7.4® 

25;  8.2® 

(lU/L) 

T»T«TIH£ <0.001 

t£T 

39  ♦  4.5 

1  t  1.2* 

12;  5.9* 

75  ;  4.7® 

120;31.0® 

104  ® 

Allcal  ine 

T»T*0.043 

V£M 

274  *  44.0 

9»  7.4* 

26*14.8* 

■6*17.4* 

18*24.6* 

14*11. 3f 

Phosphatase 

TIME <0.001 

TCX 

323  *  34.8 

2^  8.3* 

81;30.1* 

79*59.8® 

103*57.0® 

180*65.2® 

(lUA) 

T8T«TlM£«fl.032 

LET 

358  ♦  42.5 

39;12.4* 

89;17.0* 

147;14.2® 

190;  5.0® 

328  ® 

Arginase 

T«T«0.059 

VEH 

0  •  0.0 

0  •  0.0* 

1*  0.8* 

2*  1.2* 

3;  2.0* 

3;  1.1* 
36*23.2*® 
75  ® 

(lU/L) 

T1M£«O.OU 

T«T«TIHE«0.034 

TOX 

LET 

1  *  1.2 

0  i  0.0 

•0  »  1.4* 
24  ;1S.7* 

3*  3.3* 
92;28.1® 

26*24.9* 

103;27.1® 

30*21 .9* 
35*10.0* 

lile 

Acids 

(U<A) 

Tir«0.06A 

TlHE<0.a01 

T»T»TIH£*O.OA1 

VEM 

TCX 

LET 

5  i  2.8 

4  .  1.8 

3  t  2-3 

4  •  2.4* 
IS  •  2.5* 
120  ;82.7* 

10*  9.2* 
32;  8.1* 
162;6S.4® 

11*12.0* 

41;16.9® 

1S0;42.8® 

4;  4.4* 
60^19.4® 
179*19.5® 

7*  7.6* 
82*28.7® 
218  ® 

Total 

TIT<0.001 

VEX 

0,5  *  0.18 

0.0*0.07* 

0.0*0.09* 

0.0*0.07* 

•0.0*0.05* 

•0.2*0.09* 

gi ( irubin 

TI««0.001 

TOX 

0.4  j  0.07 

0.1*0. 06*® 

0.2*0.06* 

0.2*0.09* 

0.2;0.10® 

0.3*0.12® 

(mg/dl) 

t«t»t:h£ <0.001 

LET 

0.3  *  0.07 

0.2;O.C5® 

0.4;0.05® 

0.6;0.07® 

0.8;0.10® 

0.9  * 

Aspartate 

T«r<o.ooi 

VEX 

40  •  10.1 

10  *  4.0* 

18*  4.1* 

20*9.0* 

29*  9.1* 

37;13.9* 

Aminotransferase 

TIME <0.001 

TOX 

41  *  8.5 

4  *  2.8* 

50*22.0* 

212;110* 

343*  156® 

541*  222® 

OU/L) 

TRT»T1mE<0.001 

LET 

47  i  1.5 

53  ;24.7* 

2e3;64.1* 

2217;429® 

3065;  237® 

4034  * 

Lactate 

TRT<0.001 

VEX 

444  *  43.4 

34*15.4* 

54*25.5* 

2*38.5* 

56*36.2* 

55*48.9* 

Oehydrogenase 

TIME<0.001 

TOX 

440  *  49.4 

•10*27.3* 

110*55.6* 

248*  125* 

367*  216* 

628*  350® 

(tU/l) 

TRT»TIM£<0.001 

LET 

440  z  48.4 

9S;72.9* 

282;85.4* 

2136;  360® 

2777;  457® 

4038  ® 

Creatinine 

TRT»b.196 

VEX 

1207  *  209 

408*  124* 

658*  243* 

593*363* 

867*  390* 

804*  333* 

Phesphokinase 

(lU/L) 

TIM£<0.001 
TRT’TIME <0.002 

TCX 

LET 

1444  i  307 
18n  •  144 

292*  55* 
437;  189* 

670*  237* 
735;  313* 

757*406* 
1205;  39® 

1196*  403* 
2256;  333® 

2020*  542® 
3189  ® 

Clueesa 

TRT<0.0C2 

VEX 

77  •  11.2 

0  ♦  3.4* 

•1*  8.4* 

•2*11.7* 

13  *  6.6* 

14*  4.5* 

(mg/dl) 

TIME <0.325 
TRT*T1HE <0,095 

TCX 

LET 

91  •  10.4 
98  ♦  11.0 

8  *10.9* 
-12  ;12.5* 

8*10.2* 

•39;13.2® 

10;  8.0* 

•  36*1 0.1® 

2  *  9.1* 
•44  ;  2.5® 

12*13.3* 
•74  ® 

Lactate 

TRT<0.001 

VEX 

8.4»  0.40 

1.2*0.76* 

3.2;1.53* 

2.7*1.36* 

1.1*0.45* 

0.3*0.44* 

(mg/dL) 

T1M£<0.001 

TCX 

10. 7i  1.03 

0.6*1.40* 

2.7*1.33* 

6.9*1.81* 

14.3*4.53* 

20.9*6.95® 

TRT«TIME<0.001 

LET 

9.0;  0.86 

25. 9*12. r 

61.7;19.4® 

75,7*24.7® 

76.4*31.4® 

101.7  ^ 

V«:h  «  vehicle  control  group;  0  nq/kg  MCLR 
TOX  »  toxic-sublethal  group;  25  MCLR 

LET  -  lethal  group;  72  Mg/kg  MCLR 

Means  with  different  letters  are  significantly  different  (p<.05) 
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Table  1 .  Continued 


CHANCE  from  PtEDCSE  VALUES 


TRI 

Predose 

45  Min 

90  Min 

!50  Nin 

210  Min 

300  Min 

PARAMETER 

P  VALUES 

CRP 

Mean  ♦  SEM 

Mean  i  SEM 

Mean  i  SEM 

Mean  i  SEM 

Mean  i  SEM 

Mean  i  SEM 

PotastiLrt  •• 

TRT=0.002 

VEH 

3.93*'. 118* 

4.26*. 139* 

4. 53*. 115* 

4.431.135* 

4. 40*. 241* 

4. 09*. 040* 

(imol/L) 

TIME-O.OOA 

ICX 

3. 98*. 157* 

4.03*. 104* 

3.94*. 145* 

3.701.159* 

3.82*. 117* 

3. 94. .099* 

TRT*TIMex0.002 

LET 

4.10^.065* 

5.67i1.0S° 

5.521.801** 

5.8S1I.II® 

6.97i2.44® 

5.94  ® 

Inorsanis 

TRTxO.OJI 

VEH 

9.6  1  .33* 

9.6  *  .41* 

9.1  ♦  .51* 

9.3  *  .33* 

9.2  ♦  .33* 

9.3*  .38* 

Phosphorus  *• 

TIME<0.001 

TOX 

9.4  *  .48* 

9.8  *  .63* 

10.4*  .60* 

9.8  1  .68* 

9.8  1  .62* 

10.0*  .73* 

(irig/dL) 

TRT*TIME<0.001 

LEH 

9.3  i  .66* 

10. Oi  .99* 

11.6*  .66** 

12.91  .78® 

15.1iJ.45® 

13.0  ® 

Crfatinin* 

TRT<0.001 

VEH 

0.85  *.096 

.o5*.o:;9* 

.03  *.111* 

-.05*. 065* 

.13*. 048* 

.10*. 000* 

(ina/dL) 

TIM£<0.C01 

TOX 

0.97  t.lOS 

-.02*. 017* 

.08  *.065* 

.07*. 120* 

.121.140* 

.28*. 122* 

TRT*TIME<0.001 

LET 

0.97  *.099 

.131.088* 

.37  1.088** 

.671.033** 

.951.050® 

1.60  ® 

Blood  Urta 

IRT«0.067 

VEH 

9.1*  1.31 

0.7*0.31* 

1.4*0.36* 

0.3*1.10* 

2  6*0.55* 

2.6*1.43* 

Nitrogen 

TIM£<0.001 

TOX 

11. 9t  2.43 

0.2*1.37* 

2.7*1.25*** 

1.8*1.63* 

2.5*1.51* 

5.9*2.07*® 

(mg/dt) 

TXT«T1ME<0.001 

LET 

12. Ot  1.25 

1.1l0.69* 

3.8i0.26** 

7.O1O.75® 

10.2i0.20® 

13.5  ® 

Platalat 

Count 

TRT«O.OOS 
TIME «0. 114 

VEH 

TOX 

496  *103.4 
663  ♦  99.9 

•8*10.3* 

■50*22.6* 

•12*15.5* 

•84*50.3* 

•15i34.2* 

•143*47.5® 

•36*41.7* 
•151*53.7®  • 

•25*21.5* 

•101*53.6*® 

(X  1000) 

TRT«T!ME«0.919 

LET 

581  i  25.8 

-248i63.4“ 

-317133.8** 

•242*82.8® 

•310i70.0® 

•260  ® 

Bicarbonate 

TRT«0.001 

VEH 

24.9*0.33 

•2.0*0.73* 

•1.6*0.59* 

•1.9*0.64* 

•2.610.92*  ■ 

■3.0*0.17* 

(nnol/L) 

T1M£<0.001 

TOX 

23.1*0.62 

•0.7*1.04* 

•2.3*0.89* 

-3.2*0.95* 

•3,7i1.54* 

•4.9*1.35* 

TRT»T1M£<0.001 

LET 

26.8i0.62 

•7.Si2.14® 

•10.512.8® 

•12.511.9® 

-14.8l4.6® 

•16.5  ® 

Arterial 

T*T*0.268 

VEH 

7. 40*. 012 

.01*. 016*** 

.02*. 015* 

.03*. 021* 

.04*. 016* 

.07*. 021* 

ph 

TIM£x0.420 

TRt*TIM£«0.001 

TOX 

LET 

7. 41*. 014 
7.42*.006 

•.01*. 009* 
.05*.  032** 

.021.015* 

-.061.051* 

.021.014* 

•.051.055® 

.021.017*® 

-.041.025® 

.02^.017® 

-.os’  * 

Corrected  pCO^ 
Carbon  Oicxice 

TRT»0.002 

time<o.coi 

VEH 

TCX 

39.8*1.74 

36.7Tl.56 

•3.7*1.15* 

•0.5*1.92* 

•3.6i1.69* 

•4.7T1.43* 

-4.7i1.42* 

•6.iTi.18* 

•6.7*1.79* 

•7.5^2.25* 

•9.4-2.04* 

•8.9^1.67* 

(nm  Mg) 

TRT*T!Me*0.0C2 

LET 

41.6*1.05 

•13.514.5** 

•12.9i3.6® 

•15.2i4.2® 

•21.917.6® 

-22. T  ® 

Base  Excess 

TRT<0  001 

VEH 

1.1*0.22 

•1.2*0.80* 

•0.5*0.50* 

•0.6*0.76® 

;0.7*0.79* 

•0.6-0.32* 

Blood 

TIm£<0.001 

TOX 

0.1*0.60 

•0.5*0.91* 

-1.3*0.92* 

•1  9*0.88* 

•2.5*1.31* 

•3.7*1.19® 

(mtnol/L) 

trt*t:m£<o.ooi 

LET 

3.3i0.62 

•5.611.56** 

•9.9i3.12® 

•12.2l2.6® 

•'3.114.7® 

•15.0  ® 

Corrected  pO^ 

TRT«0.016 

VEH 

71.4*9.67 

•2.0*1.80* 

•0.3*5. O’* 

-2.4.5.86* 

‘•5:2.67* 

8. 5-5. 62* 

Oxygen 

TIMEiO.OOI 

TOX 

75.1*3.47 

0.7*3.07* 

•1.4*3.34* 

1.5*3.41* 

9.7*4.54*® 

13.2*5.56* 

(mi  Ng) 

TRI*TIM£*0.042 

LET 

73.3i1.60 

16.6i9.42** 

16.3i7.22® 

24.8112.5® 

13. >4. 75® 

37.1  ® 

H«rr,ttocri  c 

T«T»0.011 

VEH 

30.0*0.82 

2.5*1.44* 

3.8*1.65* 

4.0*1.08* 

2.0*1.47* 

1.5-1.19* 

(X) 

TIMtx0.9'.7 

I  ox 

28.5*1.43 

1.7*0.92* 

1.7*1.38* 

1.5*0.42* 

2.3*1.05* 

2.7-0.99* 

TIT»T1ME. 0.487 

LET 

32.0*0.37 

•4.3*1.56** 

•3.3^1.89® 

•2.3^1.76® 

•2.0*4.00® 

2.0"  * 

VEH  ■  vehicle  control  group?  0  yg/kg  MCLR 
TOX  tcxic-sublethal  group;  25  yg/kg  MCLR 
LET  ■  lethal  group;  72  yg/kg  MCLR 

**  -  statistical  analysis  of  untransfcmed  data — not  change  fron 
predose 

Means  with  different  letters  are  significantly  different  (p<.05) 
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Figure  1.  Six-  and  12-minute  means  ♦  standard  error  of  the  change  from  the 
predose  mean  for  centre’  venous  pressures  in  gilts  intravenously 
administered  a  lethal  (72  pg/kg;  n  =  6  and  dec ‘eases  with  time)  or 
toxi c-sub!ethal  (25  pg/kg;  n  =  6)  dose  of  mi crocysti n-LR  or  the 
normal  saline  vehicle  (n  =  3). 
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•Indicates  the  time  point  where  the  lethal  group  is  significantly  different 
than  both  the  control  and  toxtc-sublethal  groups  (p  <  0.05). 

■^Indicates  the  time  point  where  the  toxic-sublethal  group  is  significantly 
different  than  controls  (p  <  0.05). 
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Figure  2.  Six-  and  12-minute  means  ♦  standard  error  of  the  change  from  the 
preoose  mean  for  portal  venous  pressures  in  gilts  intravenously 
administered  a  lethal  (72  ug/lsg;  n  =  6  and  decreases  with  time)  or 
tox i c-suP  1  e tha  I  (25  pg/lsg;  n  =  5)  cose  of  microcysti  n-LR  or  the 
normal  saline  vehicle  (n  «  4). 


c 

£ 


o 


-X) 

■•5 

o 


rjr, 

5 


Me'jn  f  sQlyJ 

o - j  00  ug/r-j  6.66  i-  0.7jl 

*  —  *■  25  'jo/f'-'h  6.7‘}  -1-  0.66! 

■ - 72  7.4  1  +  0,36? 


7.0 

6.0  T 


5.0| 


4.0 
3.0  i 


1  *' 


1  " 

1/  ']  t 


\. 

C' 


V...  .  t  I/' 


iV 


^  I  1  1  1  I  I  ^  iJ  M 

■  I  .  1  '  T  I  I  I  I  1  i  I  I  I  11  1.' 

0,0  H'YV  rrt~'y~~—~r.-rr-. - 

(  ^  1  *  !  j  i  I  'l  i  r’-'-’-o-,-. 


-IQ! 

i 

--j  0  !- 
0 


I  »  V 


I  I't' ...... 

lit.'-'  •-.•J.. 


1  I  1 


00  c<')  V'O  i.'o  ifo  i?o  .:;o 

T  i  K ;  L  ( riO  i  n ) 
i-T  p=0  0!2  TRT  r  Tif.-IE  pOD.OOi 


i 

—  H 


T;'  'f 

I  '..lu 


P  <0.00  i 


•Inclcates  the  time  point  where  the  lethal  group  is  significantly  different 
than  both  the  control  and  tox 1 c-subl etha  1  groups  (p  <  0.05). 

^Indicates  the  time  point  where  the  to*ic-sublethal  group  is  significantly 
different  than  controls  (p  <  0.05). 

^Indicates  the  time  point  where  the  toxic-sublethal  group  is  no  longer 
significantly  different  than  the  lethal  group  (p  <  0.05). 
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Figure  3.  Means  +  standard  error  of  the  change  from  the  predose  mean  for 
serum  ’actate  concentrations  in  gilts  intravenously  administerea  a 
lethal  (72  pg/isg:  n  *  6  and  decreases  with  time)  or 

toxic-sublethal  (25  pg/kg;  n  =  6)  dose  of  mi crccystin-LR  or  the 
normal  saline  vehicle  (n  -  4;  00  pg/kg). 


TRT  p=0.000  CD  72  ug/kg  9  +  0  9 

TlK/lE  p=0,000  k'»i  25  ug/kg  11  +  1.0 

TRT*TIME  p  =  0.000  IBB  00  uo/kg  3  -l-  0.4 


0  00  120  '  ISO  2 '10  300 

TIME  (iVlif'Lites) 


Note:  The  numbers  to  the  right  of  the  treatment  group  symbols  represent  the 
predose  mean  *  standard  deviation. 
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chonge  from  predose 
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Figure  4.  Means  *  standard  error  of  the  change  from  the  oredose  mean  for 
serum  bile  acid  concentrations  in  gilts  intravenously  administered 
a  lethal  (72  pg/kg;  n  »  6  and  decreases  with  time)  or 
tox  ’  c-suD  1  etha  1  (25  pg/kg;  n  =  6)  dose  of  microcys ti  n-LR  or  the 
normal  saline  vehicle  (n  »  4;  00  pg/kg). 


TRT  p  =  0.06-  LU  72  ug/kg  2  3^  2.29 

T1I7E  p  =  0.0C0  EZa  25  uq/kg  .3.5  -f  1.32 

TRTxTiME  p  =  0.041  BO  00  ug/kg  5.3  +  2.75 


Note:  The  numbers  to  the  right  of  the  treatment  group  symbols  represent  the 
predose  mean  ♦  standard  deviation. 
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Figure  5.  Changes  in  serum  potassium  concentrations  in  the  6  gilts 
intravenously  administered  a  lethal  dose  HZ  pg/kg)  of 
mi crocysti n-LR. 


-15  15  45  75  105  U5  105  195  225  255  235  515 

TIME  (min) 


Note:  No  serum  potassium  concentrations  In  gilts  intravenously  administered  a 
toxlc-sublethal  <25  wg/kg:  n  •  6)  dose  of  ml  crocysti  n-LR  or  the  normal  saline 
vehicle  (n  ■  4)  exceed  5.5  mEq/L  as  measured  by  the  Hitachi  705  * 
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Figife  6.  Means  ♦  standard  error  of  the  change  from  the  oreocse  mean  for 
tonometer-corrected  arterial  partial  pressures  of  oxygen  (pOn)  ^n 
gilts  intravenously  administered  a  lernal  (72  i^y/xg;  n  =  6  ana 
decreases  ^«i:h  tine)  or  tox  ^  c-sub  i  etnai  (25  ug/xg;  n  =  fi  dose  of 
mi  crocy  s  1 1  n-iR  or  the  ncrrria:  sa'ne  venicle  (n  ^  -i ,  20  ug/xg) 
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Note;  The  numbers  to  the  right  of  the  treatment  group  symbols  represent  the 
predose  niean  ♦  standird  deviation. 
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Figure  7.  Means  +  standard  error  of  the  change  from  the  predose  mean  for 
platelet  counts  in  gilts  intravenously  administered  a  lethal  (72 
pg/kg,  n  =  6  and  decreases  with  time)  or  tox i c-subl ethal  (25 
pg/kg;  n  =  6)  dose  of  mi crocysti n-LR  or  the  normal  saline  vehicle 
(n  =  4;  00  pg/kg) . 
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Figure  3.  Means  +  standard  error  of  the  change  from  the  predose  mean  for 
tonometer-corrected  arterial  partial  pressures  of  carbon  dioxide 
(PCO2I  in  gilts  intravenously  administered  a  lethal  (72  pg/lsg;  n  = 
6  ana  decreases  with  time)  or  toxi  c-suolethal  (^^.5  ug/isg;  n  =  6) 
dose  of  microcystin-LR  or  the  normal  saline  vehicle  (n  =  4;  00 
pg/kg) . 
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Figure  9.  Means  +  standard  error  of  the  change  from  the  predose  mean  for 
serum  arginase  activities  in  gilts  intravenously  administered  a 
lethal  (72  ug/kg;  n  =  6  and  decreases  with  time)  or 
toxi c-subl ethal  (25  ng/kg;  n  =  6)  dose  of  microcystin-LR  or  the 
normal  saline  vehicle  (n  =  4;  00  jig/kg). 


TRT  p=0.056  CD  72  ug/kg  0  +  0.0 

ilME  p  =  0.014  g23  25  ug/kg  1  +  i,i 

TRT.Tiye  p=0.036  aa  OO  ua/ka  n  +  nn 


Note;  The  numbers  to  the  right  of  the  treatment  group  symbols  represent  the 
predose  mean  ♦  standard  deviation. 
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Figure  10.  Means  +  standard  error  of  the  change  from  the  predose  mean  for 
serum  glucose  concentrations  in  gilts  intravenously  administered  a 
lethal  (72  pg/kg;  n  =  6  and  decreases  with  time)  or 

tox  1  c- sub  1  etna  1  (25  pg/kg;  n  =  6)  dose  of  mi  crocystin-LR  or  the 
normal  saline  vehicle  (n  =  4;  00  pg/kg). 


time  (minutes) 


Note;  The  numbers  to  the  right  of  the  treatment  group  symbols  represent  the 
predose  mean  ♦  standard  deviation. 
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Figure  11.  Means  +  standard  error  of  the  change  from  the  predose  mean  for 
arterial  pH  in  gilts  intravenously  administered  a  lethal  (72 
ug/lcg;  n  =  6  and  decreases  with  time)  or  toxic-sublethal  (25 
pg/kg;  n  =  6)  dose  of  mi crocysti n-LR  or  the  normal  saline  vehicle 
(n  a  4;  00  pg/kg) . 
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Note:  The  numbers  to  the  right  of  the  treatment  group  symbols  represent  the 
predose  mean  *  standard  deviation. 
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Figure  12.  Means  +  standard  error  of  the  change  from  the  predose  mean  for 
serum  aspartate  aminotransferase  activities  in  gilts  intravenously 
administered  a  lethal  (72  vigflsg;  n  =  6  and  decreases  with  time)  or 
toxic-sublethal  (25  ug/kg;  n  =  6)  dose  of  mi crocysti n-LR  or  the 
normal  saline  vehicle  (n  =  4;  00  pg/kg). 

TRT  p  =  0.000  □  72  ug/kg  47+1.5 

TIME  p  =  0.000  F77]  25  ug/kg  41  +  8.5 


Note:  The  numbers  to  the  right  of  the  treatment  group  symbols  represent  the 


predose  mean  +  stanaard  deviation. 
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ANATOXINS 


I.  ANATOXIN-A(S> 

W.  0.  Cook 

Stability  of  Anatoxin-a(s)  Using  Human  Plasma  Cholinesterase  I_n  Vi  tro 
INTRODUCTION 

A  structure  for  anato* i n-a( s )  has  recently  been  proposed  (Figure  1) 
(Matsunaga  et  al . .  1989).  At  the  time  of  this  study,  however,  the 

structural  work  was  still  underway.  Absolute  purity  of  anatoxin-a(s) 
Cantx-a(s)]  solely  by  conventional  analytical  techniques.  In  addition,  it 
will  be  difficult  to  characterize  the  stability  of  the  toxin  over  time 
until  the  reliability  of  analytical  methods  is  well  established.  Since 
the  toxin  was  known  to  be  a  cholinesterase  (Ch£)  innibitor  and  Ch£ 

inhibition  has  been  proposed  as  its  primary  mechanism  of  action  (Mahmood 

and  Carmichael,  1986,  1987),  a  Ch£  assay  system  was  used  to  assess  the 
stability  of  antx-a(x)  ]_n  v  i  tro. 

We  have  hypothesized  that  antx-a(s)  is  stable  when  frozen  in  a  solid 
state  at  -20*C  in  vials  filled  with  gaseous  nitrogen. 

mfthods 

Antx-a(s)  was  isolated  by  the  method  of  Harada  (1981)  from  batch 

cultures  of  A.  f los-aquae  strain  NRC-525-1  7  that  were  grown  using  the 
method  of  Manmood  and  Carmichael  (1986).  Antx-a(s)  in  6  ug  quantities  was 
stored  as  a  solid  in  vials  under  nitrogen  gas  at  -20*C  prior  to  use.  The 
equivalent  of  3S  ml  of  freeze-dried  human  plasma^  Ch£  was  diluted  with  175 
ml  of  pH  8  phosphate  buffer  and  stored  in  5  ml  quantities  at  -20*C. 
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One  hundred  (il  of  the  human  plasma  solution  and  100  pi  of  either  a  1  mM 
acetic  acid  solution  or  0.001  pg  of  antx-a(s)  diluted  to  100  pi  with  1  mM 
acetic  acid  were  added  to  3  ml  of  pH  8  phosphate  buffer  in  a  cuvette.  Six 
samples  v.ere  prepared  at  1  time;  3  samples  with  vehicle  (1  mM  acetic  acid) 
and  3  with  toxin  in  the  same  volume  of  acetic  acid.  Specimens  were  mixed 
using  a  vortex,  incubated  at  room  temperature  for  40  minutes,  and  assayed 
for  ChE  activity.  ChE  activity  was  determined  oy  addition  of  50  pi  of 
di thioni trobi sbenzoic  acid  and  20  pi  of  acetyl thiochol i ne  iodide  followed 
by  measurement  of  absorbance  at  412  nm  in  all  6  samples  simultaneously 
over  3  minutes  with  a  Shimadzu  160  UV/VIS  spectrophotometer.^  Nine 
replicates  of  6  samples  each  were  performed.  Stability  of  the  enzyme  and 
activity  of  the  toxin  was  determined  after  0,  1,  2,  3,  and  6  months  of 
storage . 

RESULTS 

Results  of  ChE  assays  are  presented  in  Table  1. 

DISCUSSION 

Stability  of  the  toxin  has  now  been  monitored  over  a  period  of  6 
months  (observations  at  0.  1.  2.  3,  and  6  months).  Results  shown  in  Table 
1  indicate  .lasonable  levels  of  enzyme  stability  over  6  months  of 
storage.  There  appears  to  have  been  very  little  breakdown  of  the  toxin; 
almost  all  the  change  in  variajility  over  time  in  the  enzyme  with  toxin 
treatment  group  can  be  explained  by  variability  in  ChE  enzyme  activity 
from  month  to  month.  Acceptable  stability  of  the  toxin  has  now  been 
observed  for  6  months.  The  same  degree  of  toxin  stability  has  not  been 
observed  at  Wright  State  University  where  antx-a(s)  is  stored  as  a  solid 
in  vials  at  -80*C  and  under  which  conditions  there  is  an  estimated  daily 


113  - 


loss  of  n.  of  toxin  activity.  The  addition  of  gaseous  nitrogen  may  slow 
the  breakdown  o'^  to-in  by  removing  moisture  that  condenses  in  the  vials  as 
a  result  of  freezi ng/thawi  ng  and  that  may  be  resulting  in  toxin 
breakdown.  At  the  present  time,  in  attempts  to  minimize  toxin  loss,  we 
recommend  that  antx-a(s)  be  stored  and  shipped  at  subzero  temperatures  and 
under  gaseous  nitrogen. 

B.  Regional  Brain  Cholinesterase  Activity  in  Rats  Dosed  Intraperi toneal ly 
with  Anatox i n-a( s )  or  Paraoxon 
SUMMARY 

Forty  male  Long-Evans  rats  weighing  300  to  380  g  were  dosed 
intraperi toneal ly  with  1  of  3  doses  of  anatoxin-a(s)  [antx-a(s)]  that  had 
been  produced  and  extracted  from  laboratory  grown  Anabaena  f los-aquae 
NCR-525-17,  paraoxon,  or  a  control  solution.  Each  of  the  5  treatments  was 
represented  in  3  different  replicate  groups  of  5  rats  in  a  randomized 
complete  block  design.  The  doses  of  antx-a(s>  were:  a)  1.5  pg/kg  that 
was  a  threshold  dose  and  produced  barely  detectable  clinical  signs;  b)  3 
pg/kg  that  produced  moderate  clinical  signs;  and  c)  9  pg/kg  that  was 
consistently  lethal  within  1  hour.  The  dose  of  paraoxon  was  800  pg/kg 
which  produced  clinical  signs  similar  to  the  intermediate  dose  of 
antx-a( s ) . 

Rats  that  died  from  antx-a(s)  toxicosis  were  immediately  bled  via  the 
caudal  abdominal  vena  cava  for  whole  blood  cholinesterase  (Ch£)  assays. 
Rats  surviving  2  hours  were  anesthetized,  bled  similarly  for  Ch£  assays, 
and  killed  by  exsanguination. 

The  brains  of  all  rats  were  anatomically  dissected  into  8  regions: 
cerebellum.  cortex,  medulla.  midbrain.  hippocampus.  hypothalamus, 
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olfactory  lobes,  and  striatum.  The  anterior  cervical  spinal  cord  within 
the  first  3  cervical  vertebrae  was  also  removed.  These  brain  and  spinal 

cord  tissues  were  analyzed  for  ChE  activity. 

Whole  blood  ChE  activity  was  inhibited  in  all  rats  given  either 
antx-a(s)  or  paraoxon.  ChE  inhibition  was  not  observed  in  regions  of  the 
brain  or  spinal  cord  of  rats  dosed  with  antx-a(s).  but  it  was  observed  in 
all  regions  of  the  brain  and  spinal  cord  of  rats  given  paraoxon.  In  this 
study,  antx-a<s)  did  not  cause  detectable  inhibition  of  ChE  in  the  central 
nervous  system.  The  inhibition  of  ChE  in  peripheral  tissue  (blood)  but 
not  in  the  central  nervous  system  is  compatible  with  the  assertion  that 
antx-a(s)  is  strictly  a  peripheral  ChE  inhibitor. 

INTRODUCTION 

Anatoxin-a(s)  is  a  structurally  uncharacterized,  but  very  polar  (as 
evidenced  by  solubility  only  in  polar  solvents  such  as  water,  methanol, 
and  ethanol),  low  molecular  weight  dess  than  400  daltons)  neurotoxin 
produced  by  the  blue-green  alga  Anabaena  f los-aqu^  strain  NRC-525-17 
(Carmichael  and  Gorham.  1978;  Mahmood  and  Carmichael.  1987).  A. 
fl os-aquae  is  a  species  of  blue-green  algae  that  has  been  repeatedly 
associated  with  poisoning  of  domestic  and  wild  animals  and  is  known  to 
produce  other  neur*.  .oxins  and  a  hepatctoxin  (Carmichael  and  Gorham,  1978, 
Schwimmer  and  Schwimmer,  1964;  Carmichael  et  al..  1985;  Carmichae,.  1988). 

The  mechanism  of  toxicity  of  antx-a(s)  has  been  postulated  to  be 
cholinesterase  (ChE)  inhibition  (Mahmood  and  Carmichael.  1986,  1987). 

This  Is  based  on  toxin-induced  irreversible  inhibition  of  electric  eel 
acetylcholinesterase  (£.C.  3. 1.1. 7)  ij}  vitro,  inhibition  of  rat  blood  ChE 
in  vivo,  and  clinical  signs  in  exposed  animals  that  were  compatible  with 
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excessive  cholingeric  stimulation  (Mahmood  and  Carmichael,  1986,  1987; 

Cook  et  al.,  1988).  Clinically,  mice  and  rats  given  antx-a<s)  appear  to 
die  from  respiratory  failure. 

The  ability  of  Cht-i nhi bi ti ng  agents  to  cross  the  blood-brain  barrier 
and  inhibit  brain  ChE  influences  the  resultant  toxicosis  (Taylor,  1985). 
Previously,  after  i ntraperi toneal  (ip)  injection,  antx-a(s)  was  shown  to 
inhibit  plasma,  red  blood  cell,  and  diaphragm  ChE,  but  not  whole  brain  ChE 
activity  of  mice,  suggesting  that  this  toxin  is  unable  to  cross  the 
blood-brain  barrier  (Cook  et  al..  1988;  Cook  et  al.,  in  press).  However, 
distinct  regions  of  the  brain  and  the  anterior  cervical  spinal  cord  have 
not  been  examined  to  rule  out  the  possibility  that  antx-a(s)  causes 
localized  inhibition  of  ChE  in  important  parts  of  the  central  nervous 
system,  such  as  the  medulla  which  contains  the  respiratory  center  nuclei 
or  the  hypothalamus  which  has  regions  containing  vessels  what  are  more 
permeable  to  macromolecules  (Guyton,  1976;  Jacobs,  1982;  Norton,  1986). 

The  purpose  of  the  present  study  was  to  determine  whether  intx-a(s) 
given  ip  would  inhibit  ChE  in  localized  areas  of  the  rat  brain.  To  aid  in 
i nterpretation ,  ■  antx-a( s )  was  compared  with  a  well-known  peripheral  and 
central  ChE  Inhibitor,  the  organophosphorus  compound  paraoxon.  Whole 
blood  ChE  activity  and  clinical  signs  were  monitored  to  quantify 
inhibition  of  peripheral  ChC  activity  and  to  confirm  systemic  absorption 
of  the  test  compounds. 

MATERIALS  AND  METHODS 
Rats 

Forty  male  Long-Evans  rats^  weighing  300  to  380  g  were  housed  In 
air-conditioned  quarters  on  a  12/12-hour  light/dark  cycle  and  provided 
food*^  and  water  ad  1  i  bi  turn. 
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Toxicant  Preparation 

Antx-a(s)  was  isolated  by  the  method  of  Harada'^  from  batch  cultures 
of  .  f los-aouae  strain  NRC-525-17  that  were  grown  by  the  method  of  Mahmood 
and  Carmichael  (1987).  Thin  layer  chromatogi  aphy  indicated  purity  of  80 
to  90t.®  A  major  portion  of  the  remaining  material  used  in  this  study  was 
low  molecular  weight  salts  from  the  culture  media  and  purification  process 
(with  which  toxicity  has  not  been  associated  upon  repeated  testing).  At 
this  time  it  is  unclear  whether  there  are  one  or  more  forms  of  antx-a(s). 
but  recently  the  approximate  LD50  of  a  purified  component  was  determined 
to  be  31  pg/kg  in  mice  dosed  ip.^  Antx-a(s)  was  stored  under  nitrogen  gas 
at  -20*C  prior  to  use,  brought  into  solution  with  1  mM  acetic  acid,  and 
diluted  with  physiologic  saline  such  that  the  final  dosing  solution 
contained  less  than  0.0002%  weight/volume  of  acetic  acid.  Paraoxon,9 
stored  at  a  concentration  of  less  than  10  mM  at  -20“C  in  dry  acetone,  was 
diluted  with  physiologic  saline  such  that  the  final  dosing  solution 
contained  less  than  IX  acetone.  The  control  solution  was  comprised  of 
saline  containing  acetic  acid  at  the  highest  concentration  used  with 
antx-a(s)  and  was  administered  at  a  volume/body  weight  equal  to  that  used 
with  the  highest  dose  of  antx-a(s). 

Experimental  Design 

The  ip  24-hour  LD50  of  antx-a(s)  was  first  determined  using  8  rats  by 
tho  up  and  down  procedure  of  Bruce  (1985).  Thereafter,  groups  of  rats 
were  injected  ip  with  antx-a(s),  paraoxon.  or  a  control  solution.  For 
these  brain  ChE  studies.  8  rats  were  used  per  treatment  group.  The  doses 
of  antx-a(s)  used  were:  a)  1.5  pg/kg  that  was  a  threshold  dose  and 
produced  barely  detectable  clinical  signs,  primarily  diarrhea  and 
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decreased  movement;  b)  3  ug/<g  tr.at  produced  moderate  clinical  signs  of 
salivation,  lacrimation,  diarrhea,  decreased  movement,  mild  tremors  and 
fasciculations ,  dyspnea,  and  ataxia;  and  c)  9  ug/kg  that  produced  a  more 
severe  spectrum  of  the  clinical  signs  listed  above  in  addition  to 
cyanosis,  clonic  seizures,  and  consistent  lethality  within  1  hour  of 
dosing.  The  dose  of  paraoxon  was  300  pg/kg  which  produced  clinical  signs 
similar  to  the  moderate  dose  of  antx-a(s). 

At  death,  rats  that  were  iethally  dosed  with  antx-a(s)  were  bled  via 
the  caudal  abdominal  vena  cava  for  whole  blood  ChE  assays.  At  2  hours 
postdosing,  surviving  rats  were  anesthetized  with  carbon  dioxide  gas,  bled 
similarly  for  whole  blood  ChE  assays,  and  killed  by  exsangui nation .  The 
braini  of  rats  were  anatomically  dissected  by  the  procedure  of  Glowinski 
and  Iverson  (1966)  into  8  regions:  cerebellum,  cortex,  medulla,  midbrain, 
hippocampus,  hypothalamus,  olfactory  lobes,  and  striatum.  The  spinal  cord 
within  the  first  3  cervical  vertebrae  was  also  removed.  These  regions 
were  the  smallest  anatomically  discernible  areas  of  interest  in  the  brain 
that  could  be  separated  by  gross  dissection  and  still  provide  enough 
tissue  for  ChE  assays.  After  dissection,  brain  and  spinal  cord  tissues 
were  weighed,  immediately  frozen  wi  tn  dry  ice,  and  stored  at  -20’C  until 
assayed  within  48  hours  for  ChE  activity. 

Cholinesterase  Assays 

ChE  assays  on  blood  were  performed  by  a  modification  of  the  Ellman 
method  (Ellman  et  al..  1981).  Ten  pi  of  heparinized  whole  blood  was 
diluted  to  25  ml  with  pH  3  phosphate  buffer,  and  3  ml  aliquots  were  used 
for  determination  of  ChE  activity  by  the  addition  of  5C  pi  of  0.01  M 
di thiobi sni trobenzolc  acid  (DTN8)  and  20  pi  of  0.075  M  acetyl thiochol i ne 
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iodide  (ACTI)  and  measurement  of  absorbance  at  412  nm  for  18  minutes  on  a 
Shimadtu  160  UV/VIS  Spectrophotometer.*^  Nervous  tissue  ChE  activity  was 
assayed  by  the  method  of  Harlin:’  0.05  ml  of  pH  8  phosphate  buffer 
containing  17.  octyl  phenoxy  polyethoxyethanol ^  (OPP)  was  used  per  mg  of 
tissue  for  homogenization  with  either  a  Tissumizer*^  or  a  Biohomogeni zei^ , * 
and  200  pi  aliquots  of  homogenate  was  added  to  2.5  ml  of  the  buffer 
containing  OPP,  and  ChE  was  assayed  with  DTNB  and  ACTI  as  above  except 
with  absorbance  measured  over  3  minutes  on  the  spectrophotometer. 
Statistical  Analysis 

The  24-hour  LD50  was  calculated  by  the  method  of  Salsburg  (1984). 
Comparisons  among  treatment  groups  for  brain,  spinal  cord,  and  whole  blood 
ChE  activities  were  performed  using  the  SAS  General  Linear  Model  with 
Tukey's  Test  (SAS  Institute,  1985).  A  level  of  alpha  *  0.05  was  chosen  to 
identify  statistically  significant  differences. 

RESULTS 

The  ip  LD50  of  antx-a(s)  was  5.2  pg/kg.  Clinically,  rats  given  the 
lethal  dose  of  antx-a(s)  appeared  to  die  from  respiratory  failure:  the 
respiratory  rate  of  rats  decreased  progressively  over  time.  Inspirations 
became  longer  and  greatly  labored  until  rats  became  cyanotic,  developed 
clonic  seizures,  and  died.  Expiration  did  not  appear  to  be  markedly 
affected  Results  of  the  blood,  brain,  and  spinal  cord  ChE  assays  are 
presented  in  Tables  2  and  3.  Inhibition  of  whole  blood  ChE  activity  was 
observed  in  all  rats  given  either  antx-a(s)  or  paraoxon.  ChE  inhibition 
was  not  observed  in  any  region  of  the  brain  or  spinal  cord  of  rats  dosed 
with  antx-a(s),  but  it  was  observed  in  all  regions  of  the  brain  and  spinal 
cord  of  rats  given  paraoxon. 
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DISCUSSION 

When  given  ip,  ant:<-a(s)  does  not  appear  to  be  able  to  inhibit  ChE  in 
the  central  nervous  system,  no  inhibition  was  detected  in  any  of  the 
regions  of  tfe  brain  or  in  the  anterior  cerv'Lal  spinal  cord.  ChE 
inhibition  by  antx-a(s)  was  not  observed  even  in  the  highly  chol i nocepti ve 
olfactory  lobes  of  the  brain. Death  of  rats  given  antx-a(s)  appeared  to 
be  due  to  respiratory  failure,  but  significant  ChE  inhibition  was  not 
observed  in  the  medulla  oblongata  which  contains  the  respiratory  center 
nuclei,  suggesting  that  respiratory  failure  was  most  likely  not  a  result 
of  accumulation  of  acetylcholine  in  synapses  of  the  medulla.  The  change 
in  character  of  respiration  would  be  consistent  with  a  mechanism  of  action 
of  the  toxin  that  affects  primarily  inspiration,  such  as  paresis  or 
paralysis  of  the  diaphragm.  ChE  inhibition  was  also  not  observed  in  the 
hypothalamus  which  contains  the  median  eminence,  a  small  area  that  has 
increased  vascular  permeability  to  macromolecules  (Guyton,  1976;  Jacobs, 
1932;  Norton.  1986). 

The  lack  of  antx-a(s)  induced  ChE  inhibition  in  the  central  nervous 
system  of  rats  supports  a  previously  observed  absence  of  effect  of  this 
toxin  on  the  whole  brain  activity  in  lethally  dosed  mice.  If  the  polarity 
of  antx-a<s)  in  vivo  results  from  strong  ionization  at  physiologi ca '  pH, 
the  lack  of  ChE  inhibition  in  the  central  nervous  system  could  be  a  result 
of  failure  of  the  toxin  to  cross  the  blood-brain  harrier.  Strongly 

ionized  compounds,  such  as  quarternary  amines,  are  normally  unable  to 
penetrate  the  central  nervous  system  from  the  circulation  (Mayer  et  al., 
1980).  Although  metabolism  of  antx-a(s)  might  have  reduced  exposure  of 
•)  brain,  the  toxin  was  absorbed  from  the  peritoneal  cavity  and  presented 
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to  other  sites  in  amounts  sufficient  to  inhibit  whole  blood  Ch£  and  induce 
clinical  signs  of  toxicosis  including  death. 

The  findings  of  the  present  study  suggest  that  antx-a(s)  is  strictly 
a  peripheral  ChE  inhibitor;  whole  blood  Cht  was  inhibited  by  all  doses  of 
antx-a(s).  while  ChE  inhibition  was  not  detected  in  any  of  the  tissues  of 
the  central  nervous  system  of  rats  dosed  ip. 
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Table  1 . 

Results  of 

assays  run  at 

0.  1.  2. 

i.  4. 

and  6  months 

to  determine 

the  stabi  1 1 

ty  of  anatoxin- 

-a<3)  using 

human 

plasma  Ch£  j_n 

vitro. 

Mean 

Cht 

cr 

Treatment 

Month 

uM/  i  /mi  r, 

SO 

7.CV 

vs.  control 

Control 

0 

18.7 

0.64 

3.41 

Toxin 

0 

8.48 

0.34 

3.91 

10.24 

54. 7X 

Control 

1 

17.63 

0.54 

3.07. 

Tox  i  n 

1 

7.71 

0.35 

4.5X 

9.94 

56. 3X 

Control 

2 

13.33 

0.59 

3.37. 

Toxin 

2 

3.04 

0.26 

3.2X 

10.29 

56.11 

Control 

3 

16.83 

0.45 

2.77. 

Tox  i  n 

3 

7.38 

0.34 

4.57. 

9.45 

56.21 

Control 

6 

17.37 

0.54 

3.17. 

Toxin 

6 

7.81 

0.33 

3.4X 

9.56 

55.01 

I  «  27  for  al 1  assays 
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Table  2.  Whole  bleed  cholinesterase  activity  in  rats  dosed  ip  with 
anatox i n-a( s ) ,  paraoxon.  and  a  control  solution. 


Cht  (pinoles/ 1 /m;  nute) 

Treatrrent _ Mean  ♦  SD _ Tukev  Grouping* 


Control 

1.1 

♦ 

0. 1 1 

A 

Antx-a( s ) 

1 • 5  pg/kg 

0.48 

0.33 

8 

3.0  pg/i^g 

0.15 

0.04 

C 

9.0  pg/kg 

0.05 

♦ 

0.04 

C 

Paraoxon  (800  pg/kg) 

0.13 

0.08 

c 

N  »  7  or  8  for  each  treatment  group. 
•Treatment  groups  with  different  letters 
0.05) . 


are  significantly  different  (P  < 
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Table  3.  Regional  brain  and  spinal  cord  cholinesterase  activity  in  mice 
dosed  ip  with  antx-a(s).  paraoxon.  and  a  control  solution. 


Treatment 

Ch£  (^mol es/g/mi nute) 

Mean  +  SD 

Tukev  Grouoinq 

CEREBELLUM 

Control 

4.3  i 

0.24 

A 

Antx-a( s) 

1 .5  pg/lcg 

4.5  ♦ 

0.23 

A 

3.0  pg/l^g 

5.1  + 

1 .82 

A 

9.0  pg/lsg 

4.1  ♦ 

0.35 

A 

Paraoxon  (800  lag/kg) 

1.3  i 

0.25 

B 

CEREBRAL  CORTEX 

Control 

11.5  i 

1  . 1 

A 

Antx-a(s) 

1 .5  ug/i^g 

11.2  + 

1.3 

A 

3.0  lig/icg 

11.4  ♦ 

0.9 

A 

9.0  vig/k.g 

11 .5  1 

1 .2 

A 

Paraoxon  <800  ug/kg) 

2.3  i 

0.79 

8 

HIPPOCAMPUS 

Control 

8.1  i 

0.73 

A 

Antx-a( s ) 

1 . 5  ^iq/kg 

8.8  ♦ 

1.5 

A 

3.0  ijq/kg 

8.3  ♦ 

0.53 

A 

9.0  ^ig/kg 

3.0  1 

0.46 

A 

Paraoxon 

2.0  ♦ 

0.41 

8 
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Table  3.  Continued 


Treatment 

CnE  (pmoles/g/minute) 

Mean  +  SO 

Tukey  Grouoinq* 

.^rPOTHALAML'S 

Control 

11.4  + 

1.6 

A 

Antx-a( s) 

1 . 5  nq/kg 

11.2  + 

1  .8 

A 

3.0  ug/kg 

11.3  + 

1.6 

A 

9.0  pg/kg 

11.8  + 

1  .  1 

A 

Paraoxon  (800  pg/kg) 

3.1  + 

0.54 

B 

Control 

MEDULLA  OBLONGATA 

12.8  +  0.59 

A 

Antx-a(s) 

1 . 5  pg/kg 

12.4  + 

0.75 

A 

3.0  pg/kg 

12.5  + 

0.91 

A 

9.0  pg/kg 

11.8  + 

1  . 1 

A 

Paraoxon  (800  pg/kg) 

2.7  + 

0.56 

B 

Control 

MIDBRAIN 

13.7  + 

1  .2 

A 

Antx-a( s) 

1 . 5  pg/kg 

12.3  + 

0.75 

A 

3.0  pg/kg 

13.7  + 

0.45 

A 

9.0  pg/kg 

14.3  ♦ 

1  . 1 

A 

Paraoxon  (800  pg/kg) 

3.1  * 

0.69 

B 

Control 

OLFACTORY  lobes 

5.7  ♦  0.59 

A 

Antx-a( s ) 

1  . 5  pg/kg 

5.8  * 

0.61 

A 

3.0  pg/kg 

5.9  ♦ 

0.86 

A 

9.0  pg/kg 

5  7  i 

0.45 

A 

Pa. aoxon  (800  pg/kg) 

1.4  + 

0.35 

B 
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Table  3.  Continued 


Treatment 

ChE  (pmol es/g/mi nute) 

Mean  1  SO 

Tukev  Grouping* 

Control 

SPINAL  CORD 

9.1  1  0.63 

A 

Antx-a( s) 

1 .5  pg/kg 

9.1  +  0.45 

A 

3.0  pg/kg 

9.2  +  0.69 

A 

9.0  pg/kg 

8.5  t  0.71 

A 

Paraoxon  (800  pg/kg) 

1.9  i  0.62 

8 

Control 

STRIATUM 

53.4  i  5.0 

A 

Antx-a(s) 

1 . 5  pg/kg 

54.9  >  7.1 

A 

3.0  pg/kg 

53.8  ♦  5.2 

A 

9.0  pg/kg 

50.5  1  13.0 

A 

Paraoxon  <800  pg/kg) 

9.9  i  3.6 

B 

N  «  7  or  8  for  each  treatment  group. 

‘Comparisons  using  Tukey's  test  were  made  for  the  different  treatments  within 
each  region  of  the  brain  (i.e..  cerebellum  was  compared  only  with  cerebellum, 
etc.).  Treatment  groups  with  different  letters  are  significantly  different 
(F  <  0.05). 
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Figure  1.  Proposed  structure  of  anatoxin-a( s)  and  breakdown  products 


(Matsunaga  et  al . ,  1 9S9) . 


Anatoxin  •  a(s) 


Degradation  Products 
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II.  ELECTROMYOGRAPHIC  ASSESSMENT  OF  THE  NEUROMUSCULAR  BLOCKADE 
PRODUCED  IN  BY  ANATOXIN-A  IN  THE  RAT 

William  Valentine,  David  Schaeffer 


INTRODUCTION 

The  majority  of  investigations  into  the  pnarmacologi c  actions  of 
(+)anatoxin-a  on  skeletal  muscle  and  motor  neurons  have  been  performed  j_n 
vitro,  often  using  single  cell  preparations.  Although  experiments  jn  vitro 
can  yield  detailed  information  regarding  specific  sites  and  mechanisms  of 
action,  caution  must  be  exercised  in  extrapolation  of  these  results  to  the 
intact  animal.  The  isolation  of  tissues  from  biochemical  processes  and  the 
use  of  high  concentrations  and/or  prolonged  periods  of  exposure  may  alter  the 
action  of  the  agent  under  investigation  and  precludes  the  influences  of 
pharmacokinetics  in  vivo.  Therefore,  it  was  felt  that  a  detailed  assessment 
of  the  neuromuscular  blockade  produced  by  (+>anatoxi n-a  in  the  iv  dosed  rat 
could  yield  new  and  complementary  information.  This  information  would  very 
likely  be  relevant  to  physiologic  effects  produced  under  circumstances  of 
natural  exposure.  '  Specifically,  the  indirectly  evoked  compound  action 
potentials  (ECAP)  of  the  plantar  muscles  of  the  rat  were  used  to  determine  the 
dose  response  and  duration  of  action  of  the  neuromuscular  blockade  produced  by 
(♦)anatoxln-a  ji!  vivo.  The  effect  of  (>)anatoxin-a  on  the  latency  and 
duration  of  the  ECAP  and  maximum  motor  nerve  conouction  velocity  were 
investigated.  In  addition,  LD50  values  for  ip  administration  of  < ♦lanatoxin-a 
and  racemic  anatoxin-a  in  mice,  and  the  lethal  potency  of  ( -ianatox i n-a  were 
evaluated. 
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MATERIALS  AND  METHODS 
Anatoxin-a 

Hydrochloride  salts  of  synthetic  ( lanatox i n-a .  ( -lana tox i n-a ,  and  racemic 
anatoxin-d  were  assessed  to  be  >  95%  pure  using:  a)  thin  layer  chromatography 
on  silica  gel  plates  with  a  mobile  phase  consisting  of  2:1:1  n-butanol -aceti c 
acid-water  and  visualization  by  iodine  vapor  and  ultraviolet  absorption, 
b)  chemical  and  electron  ionization  mass  spectroscopy,  and  c)  high  performance 
liquid  chromatography  using  a  mobile  phase  of  9:1  0.01  M  aqueous  ammonium 

chloride-methanol  and  detection  at  227  nm.  All  doses  of  anatoxin-a  in  this 

report  refer  to  its  hydrochloride  salt. 

L0i;n  Determinations 

Five  treatment  groups  each  consisting  of  6  male  Balb/C  mice  weighing 
between  20  to  28  g  were  administered  ip  injections  of  0.4  to  0.7  ml  of  normal 
saline  containing  (flanatoxin-a  nydrochloride  or  racemic  anatoxin-a 
hydrochloride.  All  animals  were  observed  for  a  30-minute  period  following 
toxin  administration  and  the  number  of  deaths  in  each  treatment  group 

recorded.  LD50S  were  determined  using  the  trimmed  logit  method  (Sanathanan  et 

al..  1987). 

Toxicity  Assessment  of  (-)Anatoxin-a 

Male  8dlb/C  mice  <24  to  28  g)  were  injected  ip  with  1,  5,  9,  20.  40,  or  73 
mg/kg  of  <-)ariatox i n-a  in  0.2  to  1 .0  ml  of  normal  saline.  One  animal  was  used 
at  each  dose.  The  mice  were  observed  for  30  minutes  following  administration 
of  toxin  at  which  time  they  were  subjected  to  euthanasia  with  an  ip  injection 
of  sodium  pentobarbital. 

Anesthesia  and  Electrophysiologic  Measurements 

Dose  response  and  duration  of  action.  Male  Sprague-Oawley  rats  weighing 
320  to  420  g  were  used  in  this  investigation.  Anesthesia  was  induced  by 
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inhalation  of  methoxyflurane  and  ip  injection  of  sodium  pentobarbital  at  50 
mg/kg,  then  maintained  by  iv  injection  of  sodium  pentobarbital.  Respiration 
was  supported  with  a  Harvard  rodent  respirator  using  a  16-gauge  catheter  as  an 
endotracheal  tube. 

Assessment  of  neuromuscular  transmission  was  performed  as  follows.  The 
posterior  tibial  nerve  was  stimulated  at  the  medial  side  of  the  tarsus  with 
supramaximal  electrical  stimulation  by  pulses  of  100  psec  duration  applied  at 
0.2  Hz  for  single  pulses  and  at  10  Hz  for  repetitive  stimulation  using 
subdermal  needle  electrodes.  The  ECAP  of  the  lumbrical  or  interosseous 
muscles  on  the  plantar  surface  of  the  hind  foot  were  recorded  with  subdermal 
electrodes  and  a  Tracor  No'-thern  EMG  3601.  Nominal  parameters  for  data 
acquisition  were  500  data  points,  acquisition  time  10  ms,  low  filter  0.5  Hz, 
and  high  filter  3,000  Hz.  Temperature  was  maintained  using  radiant  heat  and 
monitored  with  a  thermistor  applied  to  the  ventral  surface  of  the  thigh.  The 
amplitude  of  the  ECAP  was  determined  from  the  maximum  negative  deflection 
relative  to  the  isoelectric  line.  Amplitudes  for  repetitive  stimulation  were 
determined  in  the  same  manner  and  decrements  calculated  from  the  ratio  of  the 
fourth  ECAP  to  the  first  ECAP. 

Three  treatment  groups,  each  consisting  of  4  rats,  were  administered  iv 
injections  of  0.1  to  0.5  ml  of  normal  saline  containing  50,  100,  200,  or 
800  pg  of  (♦lanatoxin-a  hydrochloride/kg  body  weight.  A  control  group  of  4 
rats  was  administered  0.2  ml  of  normal  saline. 

The  ECAP  was  measured  until  recovery  of  at  least  75X  of  the  pretoxin  ECAP 
amplitude.  The  following  values  relating  to  the  time  profile  of  blockade  were 
measured:  a)  onset  time,  the  time  from  Injection  to  maximum  reduction  of  the 
ECAP;  b)  duration  of  action,  the  time  from  injection  of  anatoxin-a  to  75% 
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recovery  of  the  predose  ECAP;  and  c)  the  maximum  depressior.  of  the  ECAP 
observed.  For  repetitive  stimulation,  the  maximum  decrement  and  the  duration 
of  a  decrement  >  151  were  determined. 

Subsequent  to  arcsin  transformation  (Winer.  1971),  the  statistical 
significance  of  differences  between  groups  for  percent  depression  and  percent 
decrement  were  evaluated  separately  using  multivariate  analysis  of  ''ariance 
followed  by  linear  contrasts.  After  square  root  transformation  to  achieve 
homogeneous  variances  (Winer.  1971).  the  durations  of  action  for  (.t-ianatoxin-a 
hydrochloride  induced  depression  and  decrement  of  the  ECAP  were  compared  using 
one-way  analysis  of  variance  and  Tukey’s  HSD  test.  Due  to  sample  sizes  and 
consideration  of  power,  a  significance  level  of  a  <  0.1  was  chosen  for  these 
comparisons;  with  one  exception  (Table  1)  comcarisons  actually  had  P  <_  0.05. 
The  ED50  for  depression  of  the  ECAP  was  estimated  using  the  trimmed  logit 
method  (Sanathanan  et  al . ,  1987). 

Nerve  conduction  velocity,  ECAP  latency,  and  duration  measurements. 
Anesthesia  and  data  acquisition  parameters  were  the  same  as  those  described 
above  for  dose  response  and  duration  of  action  measurements.  To  measure  motor 
nerve  conduction  velocity,  a  proximal  stimulating  cathode  electrode  was  placed 
near  the  sciatic  nerve  and  a  distal  stimulating  cathode  electrode  was  used  on 
the  posterior  tibia!  nerve  at  the  medial  side  of  the  ankle.  Maximum  motor 
nerve  conduction  velocity  was  calculated  by  taking  the  distance  between  the  2 
'.timulating  sites  and  dividing  by  the  difference  in  the  latency  times. 

Two  treatment  groups,  each  consisting  of  A  rats,  were  administered  iv 
either  0.2  ml  of  normal  saline  or  approximately  0.2  ml  of  normal  saline 
containing  100  pg  of  ( ♦ )ana tox i n-a  hydrochloride/kg  body  weight.  The  latency, 
duration,  and  depression  of  the  ECAP.  as  well  as  nerve  conduction  velocity 
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were  determined  for  a  period  of  15  minutes  following  injection  of  saline  or 
saline  with  toxin.  Each  data  point  consisted  of  the  average  of  3  measurements 
for  each  animal  taken  at  1-minute  intervals.  The  15-minute  time  period 
permitted  maximal  changes  in  these  parameters  to  occur.  Max-i.-um  motor  nerve 
conduction  velocities  <m/sec)  were  compared  using  univariate  repeated  measures 
analysis.  For  repeated  measures  analysis  of  percent  change  in  latency,  the 
RTl  rank  transformation  (Conover  and  Iman,  1981)  was  used  to  remove 
heterogeneity  due  to  values  at  2  time  points  for  1  treated  animal  being  more 
than  an  order  of  magnitude  larger  than  any  other  value  in  either  group.  Due 
to  sample  size  and  consideration  of  power,  a  significance  level  of  a  ■  0.1  was 
used  for  these  comparisons. 

RESULTS 

LDc;n  Determination 

Percent  deaths  observed  for  tne  (♦)anatoxin-a  hydrochloride  and  racemic 
anatoxin-a  hydrochloride  treatment  groups  plotted  against  dose  are  shown  in 
Figure  1.  The  LDsqs  (95X  confidence  limits)  for  (♦)anatoxin-a  hydrochloride 
and  racemic  anatoxin-a  hydrochloride  were  386  pg/kg  (365,  <108  ^g/kg)  and  913 
pg/kg  (846.  985  pg/kg),  respectively.  No  deaths  or  clinical  signs  were 

observed  in  mice  dosed  with  (-)anatoxin-a  hydrochloride  at  up  to  73  mg/kg. 

Dose  Response  and  Duration  of  Effect 

A  typical  response  of  the  ECAP  following  administration  of  (flanatoxiri-a 
at  100  pg/kg  is  shown  in  Figure  2.  The  amplitude  of  the  ECAP  decreased 
rapidly  and  the  negative  component  of  the  action  potential  increased  in 
duration  in  response  to  (♦lanatoxin-a.  There  was  a  gradual  return  toward  a 
normal  amplitude  and  shape  of  the  action  potential.  The  mean  responses  for 
depression  of  the  ECAP  following  single  stimulations  from  doses  of 
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(■••)anatoxin-a  hydrochloride  at  0.  50,  100.  and  200  pg/kg  are  shown  in 
Figure  3.  The  individual  responses  of  the  ECAP  in  4  rats  administered  300 
pg/kg  (+)anatox i n-a  hydrochloride  are  presented  in  Figure  4.  The  time 
corresponding  to  the  final  measurement  represents  the  survival  time  in  this 
group  of  animals.  The  survival  times,  defined  as  time  between  dosing  and 
cessation  of  heart  beat  despite  continuous  ventilation,  were  135.  150.  150, 
and  225  minutes. 

The  maximum  depression,  onset  time  for  maximum  depression,  and  duration  of 
effect  for  each  dose  of  (,  +  )anatoxin-a  hydrochloride  are  presented  in  Table  1. 
Significant  differences  for  maximum  depression  were  observed  at  each  dose  of 
( -t-ianatox i n-a  hydrochloride.  The  £050  for  depression  of  the  ECAP  was  47  pg/kg 
(951  confidence  limits  of  39  and  57  pg/kg).  A  significant  difference  for 
duration  of  effect  existed  among  the  50  ug/kg.  100  pg/kg,  and  control  groups 
out  not  between  the  100  pg/kg  and  200  pg/kg  treatment  groups.  Animals 
administered  800  pg/kg  c+ianatoxin-a  did  not  recover  757.  of  the  predose  ECAP 
ampl i tude . 

The  decrease  in  amplitude  of  the  ECAP  following  repetitive  stimulation  in 
a  rat  dosed  with  ( ♦lanatox  i  n-a  at  100  pg/kg  is  shown  in  Figure  5.  The  mean 
decrements  of  the  fourth  ECAP  as  a  function  of  time  following  repetitive 
stimulation  for  groups  of  4  animals  dosed  with  (♦)anatoxin-a  hydrochloride  at 
0,  50,  100,  or  200  pg/kg  are  depicted  in  Fit,ure  6.  The  ma.ximum  decrements  and 
durations  of  a  decrement  of  >  1 5X  at  each  dose  are  listed  in  Table  2. 

Latency  and  Duration  of  the  ECAP  and  Nerve  Conduction  Velocity 

The  ranges  of  the  mean  percent  changes  in  latency  of  the  ECAP  were  0.1  to 
3.1  for  the  control  group  and  1.7  to  11.3  for  the  ( ♦)anatcx i n-a  <100  pg/kg) 
treatment  group.  No  significant  changes  in  latency  of  the  ECAP  were  observed. 
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The  mean  percent  changes  for  amplitude  and  duration  of  the  ECAP  with 
respect  to  time  are  shown  in  Figure  7.  There  was  no  change  observed  n  either 
parameter  following  administration  of  normal  saline.  After  (+)anatoxin-a 
aami ni straticn ,  the  mean  (SD:  values  for  maximum  depression  in  the  amplitude 
of  the  ECAP  and  time  to  maximum  depression  were  85  (7)  percent  and  8.5  (1.4) 
minutes.  The  mean  (SD)  maximum  percent  increase  in  the  duration  of  the 

negative  component  of  the  action  potential  was  87  (39). 

Mean  nerve  conduction  velocity  values  with  respect  to  time  for  the  2 
treatment  groups  are  presented  in  Figure  8.  Mean  predose  values  of  nerve 

conduction  velocities  (SD)  for  the  control  and  ( ■t-)anatox i n-a  groups  were  43 
(0.2)  and  40  (3-5)  m/s,  respectively.  No  significant  differences  in  nerve 
conduction  velocities  were  observed  between  the  treatment  and  control  groups 
either  before  or  after  treatment. 

DISCUSSION 

Evaluations  of  agonist  potency  using  contracture  of  frog  rectus  abdcmii'is 
in  i  tro  have  previously  indicated  that  (♦)anatox i n-a  was  2.5  and  150  r' ,ios 
more  potent  than  racemic  anatoxin-a  and  (-)anatoxin-a,  respectively  (Swanson 
et  al..  1985;  Spivak  et  al..  1983).  If  the  lethal  action  of  aria'Oxin-,i  in 

mammals  is  mediated  via  neuromuscular  blockade  in  skeletal  muscles,  similar 

ratios  of  the  LOcqs  for  the  various  forms  of  anatoxin-a  should  be  e^i.-jcted. 
Our  lDcjQ  values  indicate  that,  in  mice,  ( *)anatox in-a  was  2.4  (95X  confidence 
limits  if  2.1  and  2.7)  and  at  least  180  times  as  potent  as  racemic  and 
(-)anatoxin-a,  respectively.  The  approximate! y  2-fold  difference  between 
(♦)aratoxin-a  and  racemic  anatoxin-a  and  the  inability  to  produce  death  with 
(-)a.Tatoxin-a  suggest  tnat  ( -)anatoxin-a  has  minimal  effect,  either  as  an 
agonist  or  antagonist,  at  the  lethal  slte(s)  of  action. 
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El ectromyograpny  has  been  shown  *0  correlate  with  tension  measurements  of 
muscle  contraction  for  assessment  of  neuromuscular  blockade  (;~alvey,  1984)  and 
presents  technical  advantages  c.ve''  tension  measurements.  For  eKarriDle, 
electromyography  aces  net  necessitate  perfect  alignment  or  constant  tension 
for  accurate  measurements.  AddUicnally.  electromyography  can  provide  insignt 
into  the  electrica'  events  occurring  in  muscle  not  available  from  force 
measurements.  the  precision  obtained  with  this  technique  for  anatoxin-a  has 
proven  suff'eient  to  establish  dose  response  relationships  that  can  be  used 
for  future  comparisons  of  responses  following  various  therapeutic  agents  or 
protocol s . 

A  percentage  of  postsynapt'c  acetylcholine  receptors  must  be  blocked 
before  there  is  a  decrease  in  function  of  a  muscle,  and  this  percentage  is 

referred  to  as  the  "margin  of  safety  for  neuromuscular  transmission"  (Paton 

and  Wau : .  1967  ).  the  margin  of  safety  will  vary  with  the  muscle  and  species 
involved  but  is  typically  greater  than  70t  (Paton  and  Naud,  1967;  Waud  and 
.^aud.  1972).  7he  d-aphragm  has  been  shown  to  have  a  greater  margin  of  safety 
th.in  other  skeletal  muscles  both  ijn  v * vo  and  iji  vitro  (Paton  and  Waud.  1967; 
i^aud  and  Waud.  1972  -.  Taylor  et  al..  1964.  Lu.  1970),  The  decreased  potency 

for  paralysis  of  th?  diaphragm  has  been  termea  the  "respiratory  sparing 
effect."  This  increased  resistance  of  the  diaphragm  to  neuromuscular  blockade 
dictates  that  a  greater  concentration  of  neuromuscular  plocking  agent  must  be 
present  at  this  s'te  to  e'Perience  a  given  degree  of  oaralys's  when  compared 

to  O'her  skeletal  musdes  Patios  of  the  ED5Q.  for  parai/sis  of  a  peripheral 
muscle,  to  the  LDc.g  of  neuromuscular  blocking  agents  have  been  used  as  indices 
of  their  respiraory  spar'ng  effect  These  ratios  depend  on  the  agent, 
species,  and  muscles  involved  but  are  typically  less  than  3  for  neuromuscular 
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blocking  drugs  that  are  used  clinically  (Taylor  et  al , ,  1964;  Lu,  1970). 
Comparing  the  EDcq  of  47  pg/kg  obtained  for  neuromuscular  blockade  of  the 
plantar  muscles  of  the  rat  to  the  LO5Q  of  386  vig/kg  in  mice  yields  a  rario  of 
8  for  the  respiratory  sparing  effect  of  (+)anatoxin-a.  The  higher  respiratory 
sparing  effect  may  ne  a  property  of  anatoxin-a  or  a  result  of  comparing  values 
from  two  species.  Neuromuscular  blocking  agents,  especially  depolarizing 
agents,  demonstrate  considerable  species  dependency  regarding  potency. 
Indeed,  with  regard  to  both  the  LD90  and  the  ability  of  anatoxin-a  to  produce 
neuromuscular  blockade  j_n  vitro,  there  is  a  2-  to  3-fold  difference  between 
mallard  ducks  and  ring-necked  pheasants  (Carmichael  et  al . ,  1973).  Therefore, 
LDcq  determination  of  (•*•) anatoxin-a  in  the  rat  would  be  desirable  to  assess 
more  accurately  the  respiratory  sparing  effect  in  this  species. 

A  clear  dose  dependency  for  (♦lanatoxin-a  induced  maximum  depression  of 
the  ECAP  is  demonstrated  in  figure  1  and  Table  1.  The  onset  time  for  maximum 
depression  appeared  to  be  shorter  with  larger  doses  as  evidenced  by  the  values 
of  8.5  minutes  (figure  7)  and  between  1  to  5  minutes  (Table  1)  observed  for 
100  u9/kg  and  800  u^/kg,  respectively.  A  more  critical  comparison  of  onset 
times  was  not  possible  due  to  the  4-minute  interval  between  measurements  in 
the  800  u9/kg  trial . 

There  is  little  published  information  on  dose  response  and  pharmacodynamic 
aspects  of  the  effects  of  neuromuscular  blocking  agents  in  the  rat,  making 
comparisons  with  anato«in-a  difficult.  It  has  been  shown  for  pancuronium,  one 
of  the  most  potent  neuromuscular  blocking  agents  used  medically,  that  doses 
required  to  produce  a  90%  neuromuscular  blockade  in  peripheral  muscle  are: 
30  ug/kg  In  the  cat.  17  yg/kg  in  the  deg;  36  yg/kg  In  man;  and  73  ^ig/kg  in  the 
pig  (Maclagan.  1976).  The  iv  dose  of  (••)analoxln-a  producing  a  similar  degree 
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of  blockade  in  the  rat  is  between  ICO  to  200  ug/kg.  Tubocjrar i ne  possesses 
one  of  the  longest  durations  of  action  for  commonly  used  neuromuscular 
blocking  agents.  The  intervals  from  injection  of  doses  of  tubocurarine 
producing  u  901  no,,r^.m,.<;rijiar  blockade  to  501  recovery  'n  several  species 
were:  20  minutes  in  the  cat;  20  to  40  minutes  in  the  dog;  and  35  minutes  in 
man  (Maclagan.  1976).  Intravenous  doses  of  (♦)anatcxin-a  producing  a  similar 
blockade  required  approximately  30  to  90  minutes  for  751  recovery  in  the  rat. 
The  return  of  neuromuscular  function  following  iv  doses  of  anatoxin-a  at 
200  pg/kg  or  less  in  the  rat  is  in  sharp  contrast  to  the  response  observed 
following  po  administration  in  a  6-week-o!d  calf  in  which  spontaneous 
respiration  did  not  occur,  althougn  the  animal  was  supoorted  for  30  hours 
(Carmichael  et  al..  1975;  Carmichael  et  al..  1977). 

If  one  mechanism  accounted  for  both  the  depression  of  the  ECAP  from  single 
stimulation  and  the  decrement  of  the  ECA?  following  repe*:itive  stimulation,  a 
correlation  between  the  degree  of  depression  and  decrement  would  be  expected. 
Such  a  correlation  was  not  observed  for  anatoxin-a.  Depression  of  the  ECAP 
followed  a  well-defined  dose  dependency,  whereas  the  decrement  deinonstrated  an 
all  or  none  resoonse.  Also,  the  amplitude  of  the  ECAP  after  a  single  stimulus 
was  reduced  by  501  at  doses  of  anatoxin-a  insufficient  to  produce  a  decrement 
after  repetitive  stimulation. 

Amplitude  of  the  ECAP  after  a  s'ngle  stimulus  and  decrement  of  the  ECAP 
following  repetitive  stimulation  are  modified  electrophys iologt c  counterparts 
of  peak  tetanic  tension  and  tetanic  fade,  respectively  Ihe  sensitivity  of 
peak  tetanic  tension  relative  to  tetanic  fade  differs  for  d-tubocurar i ne . 
pancuronium,  and  he»amethonlum  (Galvinovic,  19'9).  These  results  in 
conjunction  with  measurements  of  miniature  endplate  potentials  and  endplate 
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potentials  (Gibbs  and  Marshall,  1984;  Galindo.  1971),  posttetanic  repetitive 
activity  (Standaert,  1964;  Riker  et  a1 . .  1957;  Baker  et  al . ,  1986),  and 
quantification  of  evoked  release  of  acetylcholine  (Vizi  et  al.,  1987)  support 
the  existence  of  presynaptic  sites  of  action  for  nicotinic  antagonists. 
Decrease  of  peak  tetanic  tension  is  considered  to  result  from  occupancy  of 
postjunctional  acetylcholine  receptors  by  an  antagonist  (Paton  and  Waud,  1967; 
Bowman.  1980).  Tetanic  fade  is  believed  to  occur  from  either  a  presynaptic 
action  on  the  nerve,  which  decreases  the  amount  of  transmitter  released  (Gibbs 
and  Marshall,  1934;  Galindo.  1971;  Standaert,  1964;  Vizi  et  al.,  1987;  Bowman. 
1980),  or  an  additional  frequency-dependent  postsynaptic  event.  Proposed 
mechanisms  for  a  presynaptic  action  that  decreases  the  release  of  transmitter 
include:  1)  membrane  stabilization,  2)  interference  with  metabolic  turnover 
or  mobilization  of  acetylcholine,  and  3)  prevention  of  positive  feedback  on 
the  motor  nerve  terminal  by  acetylcholine.  Molecules  acting  as  i qn  channel 
conductance  modulators  through  direct  interaction  with  open  ion  channels 
present  a  possible  postsynaptic  mechanism  for  a  frequency  dependent  failure  of 
neuromuscular  transmission  (Gibbs  and  Marshall.  1984;  Bowman,  1980;  Colquhoun 
et  al..  1979;  Greyer.  1982).  Because  the  interaction  is  dependent  on  the 
channels  being  in  the  open  state,  this  type  of  action  will  be  modulated  by 
processes  affecting  the  population  of  open  channels  such  as  repetitive 
stimulation.  Such  an  interaction  with  open  ion  channels  has  not  been  observed 
for  anatoxin-a  (Aronston  and  witkop.  1981;  Spivak  et  al..  1980).  Therefore, 
the  results  obtained  nere  support  the  presence  of  a  presynaptic  site  of  action 
in  addition  to  the  ntcotmtc  agonist  activity  of  anatoxin-a  on  postjunctional 
receptors.  This  conclusion  was  corroborated  by  tne  observation  that 
(♦)anatoxln-a  produced  a  concentration  dependent  decrease  in  the  quanta! 
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content  of  endplate  potnetials  of  frog  sartorijs  muscle  evoked  from  nerve 
stimulatic'i  at  5.  10,  and  20  Hz  ni  vitro  (Biggs  and  Orvden,  1977  ).  'he 

mechanism  procucing  the  decrement  is  important  when  considering  a  natural 
toxicosis  due  to  tne  fact  that  units  in  normal  muscle  can  fire  at  rates  of  20 
to  50  Hz  (Zaimi s ,  1976). 

Of  the  4  animals  administered  800  pg/kg.  none  had  757.  return  of  the 
amplitude  and  all  animals  died  within  4  hours  of  toxin  administration  despite 
continuous  mechanical  support  of  respiration.  All  4  animals  dosed  at 
300  pg/kg  seemed  to  show  a  trend  of  partial  return  of  the  ECAP  until 
deterioration  occurred  just  prior  to  death.  Although  in  3  animals,  return  of 
the  ECAP  was  never  greater  than  51.  it  is  notable  that  one  animal  temporarily 
experienced  a  return  of  approximately  601,  an  amount  typically  sufficient  for 
voluntary  respiration.  Observations  of  mice  injected  ip  with  ( ♦lanatox i n-a  at 
doses  of  350  to  450  pg/kg  not  provided  respiratory  support  (during  the  LD50 
determination)  demonstrated  an  acute  onset  of  clinical  signs  with  death 
occurring  within  15  minutes  of  toxin  administration.  Mice  surviving  the  first 
15  minutes  recovered.  The  results  obtained  here  suggest  that  sufficiently 
high  doses  of  ( ♦ )anatoxin-a  can  be  lethal  through  at  least  2  apparently 
different  mechanisms.  The  first  and  more  sensitive  could  result  from  a 
rapidly  developed  neuromuscular  blockade,  i.e..  respiratory  paralysis,  and  a 
second,  unrelated  to  respiration,  developing  over  several  hours.  Th.erefore, 
with  sufficient  exposure  to  anatoxin-a.  therapeutic  measures  in  addition  to 
respiratory  support  and  detoxification  are  likely  to  be  reauired. 

Anatoxtn-a  decreases  the  rate  of  rise,  amplitude,  and  overshoot  and 
prolongs  the  decay  time  of  the  ECAP.  The  decrease  in  amplitude  of  the  ECAP, 
at  least  in  part,  results  from  failure  of  Individual  musde  fibers  to  generate 
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an  action  potential.  The  increased  duration  of  the  ECAP  may  result  from  a 
direct  action  on  individual  fibers  before  complete  neuromuscular  blockade 
and/or  a  desynchronization  in  latency  of  the  single  cell  action  potentials 
producing  a  temporal  expansion  of  the  ECAP. 

Differential  slowing  of  conduction  velocities  in  motor  neurons  of  a  nerve 
could  expand  the  range  of  latencies  observed.  Although  not  unequivocal,  this 
appears  unlikely  considering  the  absence  of  either  a  decrease  in  the  maximal 
motor  nerve  conduction  velocity  or  an  increase  in  the  latency  of  muscle  fibers 
innervated  by  the  fastest  conducting  neurons.  Similarly,  if  the  variation  in 
time  interval  between  action  potentials  of  fibers  within  the  same  motor  unit 
(termed  "jitter")  increased  due  to  variations  in  synaptic  delay  as  observed 
for  d-tubocurarine  (Ekstedt  and  Stalberg.  1969).  a  desynchronization  of  the 
individual  action  potentials  would  result.  An  increase  in  jitter  is  suggested 
by  the  larger  variation  in  values  of  latency  and  maximal  nerve  conduction 
velocity  observed  for  the  <f)anatoxin-a  treated  rats  compared  to  controls. 
Because  of  the  composite  nature  of  the  ECAP.  either  of  the  above  processes 
could  contribute  to  the  observed  increase  in  duration. 

A  third  explanation  could  involve  processes  on  the  cellular  level  which 
might  alter  the  shape  of  the  individual  action  potentials.  This  would 
represent  an  effect  of  anatoxin-a  on  the  muscle  cell  other  than  complete 
blockade  of  neuromuscular  transmission.  Evidence  that  such  changes  at  least 
contribute  to  the  effects  of  anatoxin-a  on  the  ECAP  can  be  derived  from 
results  obtained  using  single-cell  preparations  jjn  vitro.  Qualitatively  the 
changes  observed  for  single-cell  preparations  produced  by  carbachol  jji  vitro 
(Nastuk,  1971)  and  (♦)ar,atoxin-a  |n  tro  (Spivak  et  al.,  1980)  were  Identical 
to  those  reported  here  for  the  ECAP  after  anatoxln-a  administration  'n  vivo. 
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Therefore,  mechanisms  producing  a  change  in  the  individual  action  potentials 

I  of  muscle  cells  may  independently  account  for  the  anatoxin-a  induced 

alterations  of  the  ECAP. 

I  In  summary,  electromyography  can  be  used  to  quantify  the  cegree  of 

H  neuromuscular  blcc.<ade  produced  by  anatoxin-a  j_n  vivo  with  adequate  precision 

to  enable  evaluation  of  therapeutic  agents  and  protocols.  Results  obtained 

■  from  our  repetitive  stimulation  investigations  support  earlier  reports  from 
studies  j_n  vitro  which  suggested  a  physiologically  significant  presynaptic 

I  site  of  action  for  anatcxin-a.  Exposures  to  anatoxin-a  producing  a  blockade 

M  of  up  to  95X  of  neuromuscular  transmission  were  reversible  with  mechanical 

support  of  respiration.  However,  sufficiently  high  exposures  to  anatoxin-a 

I  appear  to  be  lethal  through  at  least  2  apparently  different,  but 

dose-dependent,  mecnanisms  so  that  at  higher  doses  therapeutic  measures  in 

■  addition  to  respiratory  support  are  likely  to  be  required. 
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Table  1.  Maximum  depression,  onset  time  for  maximum  depression,  and  duration 
of  action  for  depression  of  the  ECAP  from  (+)anatoxin-a.^ 


(fiAnatoxin-a 

(uQ/kq) 

Maximum  decress  ion 
(7,'' 

Onset  time 
( m  ’  n ) 

Duration  of  effect 
(min) 

0 

3  i  4  (A)*) 

— 

— 

50 

53  *  15  (B) 

10 

31  i  11  (A) 

100 

32  *  7  (C) 

10 

80  t  24  (B)C 

200 

95  ♦  2  (D) 

10 

93  i  48  (B) 

300 

100  i  1  (£) 

<  5 

— 

^Values  are  means  r  SD. 

^Values  with  different  letters  are  significantly  different  (P  actual  ^  0.05). 
*‘Pactua1  *  0.065. 
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Table  2.  Maxim-jm  decrement  and  duration  of  >  157.  decrement  of  the  fourth 
ECAP  from  ( +)anatox i n-a  following  repetitive  stimulation.^ 


Maximum  cecrement  of 
the  ECAP  (7.) 

0 

6*5  (A)*5 

— 

50 

13  +  22  (A) 

4  +  7  (A) 

100 

46  13  <B) 

24  +  14  (B) 

200 

59  ^  3  (8) 

69  >  27  (C) 

^Values  are  mean  i  SO. 

*^Values  with  different  letters  are  significantly  different  (Pactual  0.05). 
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Figure  1 . 


Percent  deaths  observed  following  ip  administration  of  either 
(+)anatoxin-a  (•;  g'-en  at  350,  365,  335,  400,  or  450  pg/kg  BW)  or 
racemic  anatoxin-a  given  at  800,  850,  950,  1,000,  or  1,050 
pg/kg  BW).  Each  dose  was  given  to  a  group  of  6  male  Balb  C  mice. 
The  fraction  of  dosed  animals  that  died  (pe^'cent  dead)  is  plotted 
against  dose  (log  scale). 
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Figure  6. 


Mean  responses  for  the  decrement  of  the  fourth  evoked  compound 
muscle  action  potential  relative  to  tne  f^'-'t  action  potentia'  in 
a  train  of  4  repet'tive  stimulat’ons  at  1'  ■‘c  as  a  function  of 
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Figure  3.  Mean  motor  neve  conduction  velocities  (and  t^eir  SD;  which  are 
shown  when  larger  than  s^mDoi  s'ze)  in  rats  adm-nistered  iv  normal 
saline  or  ( ♦  ianatox i n-a  at  ICO  Mg/kg. 
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